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ABSTRACT 
Biorefineries are sustainable biomass conversion processes to make bio-based fuels 
and chemical products. In this thesis, several different lignocellulosic biomass pretreatment 
and fractionation processes are developed and described with possible biorefinery 
applications. Fractionation using aqueous ammonia and hot-water, hybrid fractionation using 
zinc chloride (ZnCl2) and simultaneous saccharification and fermentation (SSF), low-
moisture anhydrous ammonia pretreatment, and photocatalyst-assisted ammonia pretreatment 
are investigated to improve the utilization of lignocellulosic biomass.  
The two-stage fractionation process using aqueous ammonia and hot-water separated 
three main components with relatively high purity of each component. Ammonia treatment 
selectively removed lignin from biomass, while hot-water treatment separately hydrolyzed 
hemicellulose in the following stage. Under the optimal reaction conditions using RSM, 
relatively high purity of hemicellulose and lignin were recovered. High enzymatic 
digestibility and fermentability were also resulted with cellulose fraction.  
A hybrid fractionation process using ZnCl2 and SSF was also investigated to improve 
the utilization of lignocellulosic biomass. The ZnCl2 showed high swelling effect and 
selectivity for hemicellulose; hence most of the hemicellulose was released into the liquid 
hydrolysate by ZnCl2 treatment. The fractionated hemicellulose in the liquid hydrolysates 
was converted into furfural by thermal reaction, while the residual solids which have high 
cellulose and lignin contents were converted into ethanol by SSF. Up to 98% of theoretical 
maximum ethanol yield was obtained; therefore, the residual solids could be high purity 
lignin.  
v 
 
Low-moisture anhydrous ammonia pretreatment was studied in an effort to minimize 
ammonia and water input and to obtain high enzymatic digestibilities and ethanol yield. 
Gaseous ammonia treatment significantly reduced ammonia input (0.1 g ammonia/g biomass) 
and water input (1.0 g water/g biomass). In addition, there was no washing step which 
required significant washing water. Even though water and ammonia inputs were 
significantly reduced compared to previous ammonia pretreatment methods, the maximum 
theoretical ethanol yield (based on glucan and xylan in the biomass) reached 90% by 
simultaneous saccharification and cofermentation (SSCF).  
 A photocatalyst-assisted ammonia pretreatment method was developed to enhance 
the effects of liquid ammonia pretreatment by oxidation reaction with photocatalysts. Higher 
delignification and enzymatic hydrolysis yield of treated solids resulted from photocatalyst-
assisted ammonia pretreatment compared to ammonia pretreatment itself. Moreover, 
photocatalysts shortened the pretreatment time. Improving the pretreatment effects and 
shortening the pretreatment time by UV treatment using photocatalysts show a potential of 
photocatalytic treatment as a useful technology for lignocellulosic biomass utilization.  
These studies show that the development of biomass conversion process can 
contribute to the utilization of lignocellulosic biomass. Each approach has its own particular 
solution to the problems of biomass conversion processes. Fractionation processes propose 
ways to produce valuable building blocks, and pretreatment processes suggest efficient 
methods by enhancing conversion yields and reducing production costs. Although there are 
still many obstacles to overcome, these studies are believed to help commercialize 
lignocellulosic biomass products. 
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CHAPTER 1. GENERAL INTRODUCTION 
Objectives 
 The overall aim of this study was to improve the potential of economically using 
lignocellulosic biomasses by developing efficient fractionation and pretreatment process and 
by optimizing the operating parameters of these novel processes. This research explored 
multiple biomass treatments (hot-water, liquid ammonia, gaseous ammonia and zinc chloride 
treatments) and also explored the biological and thermo-chemical processing of the treated 
biomass. The detailed objectives of the dissertation were as follow:  
 
• To investigate the effects of a two-stage ammonia and hot-water treatment on 
hemicellulose and lignin fractionation from corn stover. The enzymatic hydrolysis of 
the resulting fractionated biomass was also investigated.  
• To determine the effects of reaction operating parameters such as retention time, flow 
rate, and temperature, on the performance of the two-stage fractionation process. Also 
to optimize the reaction conditions of the two-stage fractionation process to maximize 
the purity and yield of cellulose, hemicellulose, and lignin. 
•  To investigate the efficacy of zinc chloride for fractionation of lignocellulosic 
biomass. This study also examined the impact of ZnCl treatment on subsequent 
ethanol yield via biological conversion, and a furfural yield via thermal conversion. 
• To explore the potential of gaseous ammonia pretreatment to minimize water and 
ammonia inputs. The gaseous ammonia pretreatment process was optimized so that 
downstream ethanol production was maximized. 
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• To investigate the possibility of using photocatalysts for the pretreatment of 
lignocellulosic biomass. Specifically, the impact of photocatalysts alone, and 
photocatalysts used in conjunction with ammonia, was explored. The changes of 
biomass composition were also investigated by comparing the Raman spectra of 
treated and untreated biomass. 
 
Thesis Organization 
This thesis includes a general introduction, five research articles, a general conclusion 
as well as cited references and acknowledgements. The first chapter is a general introduction 
that includes the thesis objectives, a description of the thesis organization, an explanation of 
the authors’ role in each of the articles, and a general literature review. The articles in 
chapters 2-6 have been published, or are in review, in peer-review journals. Chapter 2 is an 
article entitled “Two-stage fractionation of corn stover using aqueous ammonia and hot-
water” published in the journal of Applied Biochemistry and Biotechnology (Yoo et al., 2011). 
This article demonstrates the effects of sequential ammonia and hot-water treatment for 
fractionating three main components of lignocellulosic biomass (cellulose, hemicellulose and 
lignin).  The compositions of liquid and solid residues in each stage are presented, and 
enzymatic digestibilities of the resulting residues under different reaction conditions are also 
included. Chapter 3 is an article entitled “Optimization of two-stage fractionation process for 
lignocellulosic biomass using response surface methodology (RSM)” published in the journal 
of Biomass and Bioenergy (Yoo et al., 2011). The article describes the optimization of the 
two-stage reaction conditions to maximize hemicelluloses recovery and purity in the liquid 
hydrolysate. The ethanol production after optimized two-stage fractionation is also reported. 
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Chapter 4 contains an article titled “Ethanol and furfural production from corn stover using 
hybrid fractionation process with zinc chloride and simultaneous saccharification and 
fermentation (SSF)” published in the journal of Process Biochemistry (Yoo et al., 2012). It 
reports the effect of zinc chloride on the selective fractionation of lignocellulosic biomass. 
This article demonstrates furfural production with fractionated hemicellulose hydrolysate and 
ethanol production with residual solid by thermal and biological conversion process, 
respectively. Chapter 5, “Pretreatment of corn stover by low moisture anhydrous ammonia 
(LMAA) process,” is published in the journal of Bioresource Technology (Yoo et al., 2011). 
This article introduces an alkali pretreatment method using gaseous ammonia to reduce 
ammonia, water and energy inputs. The optimization of reaction conditions for ethanol 
production is also included. Chapter 6 is manuscript entitled “Enhancement of enzymatic 
hydrolysis and lignin removal of corn stover using photocatalyst-assisted ammonia 
pretreatment.” The manuscript explores the effects of photocatalysts on biomass 
compositional changes and enzymatic hydrolysis yields. This manuscript was submitted to 
the journal of Bioresource Technology. The general conclusion follows the five articles with 
discussion of future work for improving the lignocellulosic biomass utilization methods. 
Introduction and article references are included at the end of each chapter.  
 
Authors’ Role 
 The authors have made a substantial contribution to each article in this thesis. All of 
the articles in this thesis are written by the primary author with co-authors’ assistance and 
guidance. The primary author, Chang Geun Yoo, conducted experiments, collected data, 
analyzed and interpreted results. In the first and second articles (Chapters 2 and 3), the 
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primary author designed and conducted a flow-through reactor system with ammonia and 
hot-water. He also tested several different reaction conditions to explore the effects of 
operating factors and optimized these parameters by a statistical tool. Dr. Chi-Woo Lee 
(Associate Professor, Department of Automotive Engineering, Gyeongnam National 
University of Science and Technology) helped design reactor systems. Dr. Tae Hyun Kim 
(Major Professor, Department of Agricultural and Biosystems Engineering, Iowa State 
University) provided ideas and guidance. In the third article (Chapter 4), the primary author 
suggested the thermal conversion method for furfural production and selected fractionation 
conditions from the experiment results. Dr. Monlin Kuo (Associate Professor, Department of 
Natural Resource Ecology and Management, Iowa State University) provided ideas about the 
effect of zinc chloride and characteristics of lignocellulosic biomass structures. Dr. Tae Hyun 
Kim helped to find applications of furfural as a product. In the fourth article (Chapter 5), the 
primary author developed the ammoniation stage and the ammonia evaporation stage instead 
of the water washing step. Dr. Nhuan P. Nghiem (Chemical Engineer, Sustainable Biofuels 
and Co-Products Research Unit, Eastern Regional Research Center, Agricultural Research 
Service, USDA) and Dr. Kevin B. Hicks (Research Leader, Sustainable Biofuels and Co-
Products Research Unit, Eastern Regional Research Center, Agricultural Research Service, 
USDA) provided an ammonia analyzer, ammoniation reactors, and knowledge of gaseous 
ammonia reaction. Dr. Tae Hyun Kim pointed out the importance of water, chemical and 
energy inputs in the pretreatment process. In the fifth article (Chapter 6), the primary author 
set up a technically viable photocatalyst-assisted ammonia pretreatment system and 
interpreted the results from enzymatic hydrolysis and Raman spectra analysis. Dr. Chenxu 
Yu (Assistant Professor, Department of Agricultural and Biosystems Engineering, Iowa State 
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University) provided the idea of photocatalyst utilization. The Raman spectra analysis was 
conducted with Dr. Chenxu Yu’s equipment. Chao Wang (Master candidate, Department of 
Agricultural and Biosystems Engineering, Iowa State University) helped analyze Raman 
spectra and experiments using photocatalyst. Dr. Tae Hyun Kim suggested the idea of 
aqueous ammonia use with photocatalysts and suggested a shortcut to developing the method. 
In the overall dissertation, the primary author wrote a dissertation under the supervision of Dr. 
D. Raj Raman (Co-major Professor, Department of Agricultural and Biosystems Engineering, 
Iowa State University). 
 
Literature Review 
Biorenewable Energy 
On the world markets, the cost of fossil fuel has increased as the demand for energy 
and petrochemical products increases. According to the Energy Information Administration 
2011 Report (Energy Information Administration, 2011), world energy consumption will 
increase by 53 percent (from 505 quadrillion Btu in 2008 to 770 quadrillion Btu in 2035). 
However, our society heavily relies on fossil resources. About 82% of the world’s energy 
needs are currently covered by fossil resources (Soetaert and Vandamme, 2009). Severe 
economic problem can occur as a consequence of unexpected disruption in oil supply. In 
addition, environmental problems such as greenhouse gas emissions, air pollution and acid 
rain by using fossil energy are still at issue. People have investigated several alternative 
energy resources such as wind, solar, geothermal, hydropower and biomass. Among the 
alternative energy, biorenewable energy is one of the fastest growing forms of energy in the 
world, and the ratio of biofuel keeps increasing (Energy Information Administration, 2011). 
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Biorenewable fuel, referred to as biofuel, is solid, liquid or gaseous fuels that are 
predominantly produced from biomass (Berktay and Nas, 2008; Chhetri and Islam, 2008; 
Demirbas, 2009; Konwer et al., 2007). In particular, liquid biofuels such as bioethanol, 
biodiesel, and biobutanol have the potential to replace petroleum with cheap and renewable 
materials; therefore, the interest in liquid biofuels has increased. 
 Bioethanol is one of the most used biofuels by now. Bioethanol is an important 
product of biotechnology because of the potential to replace some of the liquid fossil fuels in 
the transportation, to enhance the security of supply and to reduce greenhouse gas emissions 
(Gray et al., 2006). Ethanol can be blended with gasoline and used as a fuel without engine 
modification. It can also contribute to rural development and economic opportunities for 
developing countries (Drmirbas, 2009; Steenblik, 2007). Current bioethanol is mostly 
produced from energy crops such as sugarcane and corn; however, these crops are also major 
food sources. For this reason, interest in fuel ethanol from lignocellulosic biomass continues 
to grow (Aristidou and Penttila, 2000; Jeffries and Jin, 2000; Wheals et al., 1999).  
 
Lignocellulosic biomass 
Lignocellulosic biomass is biomass which is principally composed of cellulose, 
hemicellulose and lignin. The cell wall of lignocellulosic biomass is a composite material of 
crystalline cellulose fibrils bound by non-crystalline hemicellulose and surrounded by a 
matrix of hemicellulose and lignin (Ramos, 2003; Wyman, 1994). The composition of 
biomass is different depending on the species and environmental conditions (Cen et al., 
2001). The compositions of biomass and interaction of these components in the cell wall 
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affect the hydrolysis of carbohydrates; therefore, understanding each component is important 
to efficiently utilize lignocellulosic biomass.  
Cellulose, polymer of glucose, is the main component of lignocellulosic biomass and 
can be hydrolyzed to monomeric glucose for biofuels conversion. Cellulose is a linear 
polymer of glucose units linked with β-(1,4)-glycosidic bonds, and the degree of 
polymerization (DP) of this component is up to 15,000 (Bodîrlău et al., 2007). Intra- and 
inter-molecular hydrogen bonding in the cellulose structure forms the crystalline regions 
which hinder enzymes access during hydrolysis (Moore and Hatfield, 1991). Cellulose I 
which is the natural form of cellulose has parallel glucan chains and strong hydrogen bonds. 
Cellulose Iα and cellulose Iβ are predominant allomorphs of cellulose (Chundawat et al., 2011; 
Hayashi et al., 1997). The amount of cellulose Iα and Iβ varies depending on the species. 
These two native celluloses can be converted into cellulose II which is not reversible by 
mercerization or regeneration and into cellulose III by ammonia and other amines 
(Chundawat et al., 2011; Wada et al., 2004, 2006). Cellulose III and IV are formed by 
chemical treatment and heating (Sjöström, 1993).   
 Hemicellulose is the second largest polysaccharides in the lignocellulosic biomass. It 
supports cellulose microfibrils by hydrogen bonding and also binds to lignin by covalent 
bonds. Unlike cellulose which is homogeneous polysaccharide, hemicellulose is 
heterogeneous polysaccharides composed of polymer of pentoses (xylose and arabinose), 
hexoses (glucose, galactose and mannose) and sugar acids such as D-glucuronic acid, 4-O-
methyl-D-glucuronic acid and D-galacturonic acid, and its DP is generally around 200 (Saha, 
2003; Sjöström, 1993). The composition and structure of hemicellulose vary depending on 
the species. Moreover, considerable differences of hemicellulose composition exist between 
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the stem, branches, roots and barks (Sjöström, 1993). Xylan is the main component of 
hemicellulose in grasses and hardwood, while glucomannan is the dominant hemicellulose 
component in softwood (McMillan, 1993). Hemicellulose is amorphous and hydrophilic; 
therefore, it can be easily hydrolyzed by chemical treatments and enzymatic hydrolysis 
(Moore and Hatfield, 1994).  
 Lignins are polymers of phenylpropane units like guaiacyl, syringyl and p-
hydroxyphenyl units. These precursors are derived from three aromatic alcohols (coniferyl, 
sinapyl and p-coumaryl alcohols) and form three dimensional phenolic polymers by cross-
linkage. In general, softwood lignin is mainly composed of guaiacyl with small quantity of p-
hydroxyphenyl units, and hardwood lignin consists of guaiacyl and syringyl units with a 
small amount of p-hydroxyphenyl units (Ramos, 2003; Whetten et al., 1998). Grass lignin is 
composed of all three types of units (p-hydroxyphenyl, guaiacyl and syringyl units) 
interconnected by aryl ether bonds (β-O-4 linkages) and/or resistant C-C bonds (Zhang et al., 
2011). Lignin is hydrophobic and highly branched polymer by the oxidative polymerization 
(Higuchi, 1985). It fills the space between the cellulose, hemicellulose and pectin in the cell 
wall (Medie et al., 2012). Chemical bonds have been reported between lignin and 
carbohydrates (hemicellulose and cellulose). Lignin-carbohydrate complex (LCC) is the 
covalently bonded aggregates. The linkages are formed by ester, ether and glycosidic types 
of bonds (Sjöström, 1993). This structure gives physical strength or rigidity to plant tissue 
and prevents the collapse of the water-conducting elements (Ramos, 2003). It also protects 
plants from attack by microorganisms (Moore and Hatfield, 1994; Sarkanen and Ludwig, 
1971). 
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 Although the aforementioned three components are the main components of 
lignocellulosic biomass, a minor fraction of various components which are soluble in neutral 
organic solvents or water exists in the biomass. These components are called extractives. 
Extractives include chlorophyll, waxes, fats, resin acids, terpenoids, phenolic substances and 
gums (NREL, 2008a; Sjöström, 1993). In addition, biomass also includes structural or 
extractable inorganic materials which are called ash. Extractable ash can be removed by 
washing or extracting, while structural ash is bound in the physical structure of the biomass. 
In general, extractable ash is considered as soil remaining in biomass (NREL, 2008b). 
 
Lignocellulosic Biorefinery 
Since lignocellulosic biomass conversion has been studied, many research and 
development efforts for the commercialization of biomass conversion technology have been 
made. The concept of biorefinery has been introduced as one of the utilization methods for 
the biomass. According to the definition of biorefinery by the American National Renewable 
Energy Laboratory (NREL), “a biorefinery is a facility that integrates biomass conversion 
processes and equipment to produce fuels, power and chemicals from biomass” (NREL, 
2009). This concept is developed from the petroleum refinery which produces multiple 
products from petroleum (Kamm et al., 2006). As shown in Fig. 1, the objective of 
biorefinery is to produce multiple products from biomass feedstocks by a technology-mix 
(Kamm and Kamm, 2004; Van Dyne et al., 1999). 
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Fig. 1. Basic principles of a biorefinery (Kamm and Kamm, 2004) 
 
Lignocellulosic feedstocks consist of three main chemical components: cellulose, 
hemicellulose and lignin. Fig. 2 shows an overview of lignocellulosic feedstock biorefinery. 
Cellulose is mainly hydrolyzed to glucose and converted into fermentation products such as 
ethanol, lactic acid, propanol, acetone, succinic acid, butandiol and butanol, while 
hemicellulose can be hydrolyzed to xylose and converted into xylite which is sugar-substitute 
(Vorlop et al., 2006; Zeikus et al., 1999). Interestingly, hydroxymethylfurfural (HMF) and 
furfural can be also produced from cellulose and hemicellulose through further conversion 
process. Furfural is a starting material for Nylon 6,6 and Nylon 6, and HMF is used for 
lubricants, softener and other chemicals. Although lignin can be utilized as fuel, adhesive and 
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binder, it is better suited to produce high value products because of its substantial amount of 
mono-aromatic hydrocarbons (Kamm et al., 2006). 
 
 
Fig. 2. Lignocellulosic feedstock biorefinery (Kamm and Kamm, 2004; Van Dyne et al, 1999) 
 
Glucose, the main component of cellulose, can be used as a substrate for bio-based 
products such as fuel, food and pharmaceutical components. Glucose is currently being 
produced from sugarcane and corn; however, these crops cannot meet the overall demand for 
both food and fuels. For this reason, interest in glucose produced from relatively cheap 
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substrate like lignocellulosic biomass has increased for the future biotechnology and food 
industry.         
Hemicelluloses can also be converted into fuels, chemicals and food applications. 
Xylose which is the main component of hemicellulose has the potential to be converted into 
fuels (ethanol and hydrogen (Langvad, 2007)), chemicals (furfural (Binder et al., 2010), 
succinic acid (Nghiem et al., 2005)), food applications (xylitol (Sanchez et al., 1998), xylo-
oligosaccharides) and others. Arabinose, another pentose sugar in hemicellulose, can also be 
used for the production of value-added chemicals such as furfural (Yoo et al., 2012) and 
astaxanthin (Montanti et al., 2010).  
Lignin has been considered as a physical barrier to prevent enzyme access to 
cellulose structure. However, lignin is one of the most abundant components in the 
lignocellulosic biomass besides polysaccharides, so improving the utilization of lignin can 
enhance the overall lignocellulosic biorefinery. Current uses of lignin are concrete admixture, 
animal feed pellets, road binder, pesticide dispersant, oil well drilling mud, dye dispersant, 
vanillin production and solid fuel for combustions (Bozell et al., 2007). In addition, many 
studies have been investigated to convert the lignin into more valuable and usable products 
such as fuel additives.  
 
Biological conversion of lignocellulosic biomass 
A schematic of lignocellulosic biomass conversion process is shown in Fig. 3. The 
conversion process includes feedstock handling, pretreatment, hydrolysis, fermentation and 
purification. At the beginning, feedstock handling stage includes size reduction and washing. 
This lignocellulosic biomass is treated by chemical/mechanical/biological pretreatment to 
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open the bundles of lignocelluloses. The released cellulose and hemicellulose chains are 
hydrolyzed to monomeric sugars through chemical or biological methods. After the 
pretreatment stage, these hydrolyzed sugar solution can be converted into the products such 
as ethanol and lactic acid by fermentation. Recently, hydrolysis and fermentation stages can 
be integrated to save capital and operating costs and to reduce the product inhibition. After 
the conversion stages, fermented products are purified by distillation, dehydration or other 
separation process. Other residual components may be recovered as solid fuel or converted to 
value-added co-products (Wyman, 2008; Zheng et al., 2009). 
 
 
 
 
 
 
 
 
 
Fig. 3. Schematic of lignocellulosic biomass conversion process 
 
Pretreatment 
Lignocellulosic biomass is attractive feedstock because of affordable price and high 
polysaccharide content; however, it is not easy to use lignocellulosic resources for ethanol 
and other chemicals production (Fujii et al., 2009). In particular, several factors including 
Pretreatment 
Hydrolysis 
Fermentation 
Purification 
Lignocellulosic 
biomass 
 
Final products 
Feedstock handling 
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lignin, hemicellulose, crystallinity of cellulose, lignin-carbohydrate complex, degree of 
polymerization, ash content, pore size and surface area are the native recalcitrance of 
lignocellulosic biomass to hinder biological conversion. The native form of lignocellulosic 
biomass can be partially digestible by enzymatic hydrolysis (Lee et al., 1999). For this reason, 
pretreatment is necessary to overcome the recalcitrance and convert biomass more efficiently. 
Various pretreatment methods have been developed to change the physical and chemical 
structures and break down the hemicellulose and lignin shield efficiently. However, 
pretreatment is still one of the most expensive stages within lignocellulosic biomass 
conversion process. Developing effective pretreatment methods and finding optimal 
operating conditions can contribute to overcoming the cost barriers of biomass utilization. 
Minimizing energy, chemical and water inputs, preserving cellulose and hemicellulose 
fractions, avoiding size reduction and limiting formation of inhibitors are key issues to 
develop cost-effective pretreatment methods (National Research Council, 1999; Zheng et al., 
2009). 
In general, pretreatment technologies enhance the enzymatic hydrolysis by removing 
lignin and hemicellulose, swelling pores in the biomass structure, increasing surface area, 
breaking and regenerating cellulose structure. These pretreatment methods including dilute 
acid pretreatment (Jacobsen and Wyman, 2000; Kim et al., 2001; Schell et al., 2003), 
hydrothermal pretreatment (Garrote et al., 2002; Petchpradab et al., 2009), ammonia 
pretreatment (Kim and Lee, 2007; Li and Kim, 2011; Murnen et al., 2007), lime pretreatment 
(Kim and Holtzapple, 2005), microwave pretreatment (Hu and Wen, 2008), ionic liquid 
pretreatment (Zhu, 2008), ultrasonic pretreatment (Montalbo-Lomboy et al., 2010) and 
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microbial pretreatment (Wan and Li, 2011) have been suggested, and each pretreatment has 
different impacts on compositional and structural feathers of biomass.   
Acid pretreatments hydrolyze the hemicellulose fraction and the accessibility of 
cellulose is improved (Grohmann et al., 1985; Torget et al., 1990, 1992). In addition, it is a 
relatively inexpensive method. However, this process produces a large amount of by-
products which can be inhibitors for biological conversion. Hydrothermal pretreatment 
releases acidic components such as acetic acid and formic acid in hemicellulose with high 
temperature water. The acetyl group works as a catalyst to break down hemicellulose 
(Fernandez-Bolanos et al., 1999). Ammonia pretreatments mainly break down the lignin 
structure with some of hemicellulose and change the crystalline structure of cellulose (Dale 
et al., 1996; Yoon et al., 1995; Kim and Lee, 1996; Kim et al., 2002). It is a strong swelling 
reagent and easy to recover because of its high volatility. Lime pretreatment removes lignin, 
acetyl group and uronic acid (Chang and Holtzapple, 2000). Ionic liquid pretreatment also 
targets lignin removal by ionic liquid; however, ionic liquid recovery is still at issue (Shill et 
al., 2010). Microwave pretreatment and ultrasonic pretreatment contribute to improving the 
enzymatic hydrolysis with ammonia or acids. However, input energy for these pretreatments 
is relatively large. Biological pretreatment breaks lignin by fungi with low energy and no 
chemical inputs; however, this pretreatment is slow, and controlling the treatment conditions 
is difficult (Chandra et al., 2007; Zheng et al., 2009). 
 
Fractionation process 
Another approach to overcoming the cost barrier of lignocellulosic biomass 
utilization is production of high value-added co-products (Zheng et al., 2009). Prior to 
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producing valuable co-products, separation of each component in lignocellulosic biomass is 
required. Fractionation of biomass has been proposed as the first step of biomass refining 
(Koukios and Valkanas, 1982). Each component in lignocellulosic biomass can be utilized by 
itself or converted into the intermediates of various products. Fractionation processes with 
various thermo-chemical treatments not only pretreat biomass for the conversion of main 
product but also separate other components for other value-added co-products. The 
combination of aforementioned pretreatment methods can separately hydrolyze target 
component in each stage for different following conversion process. Moreover, fractionation 
process can also contribute to reducing the cost in the downstream process, because a 
significant amount of energy, chemical and water are consumed in the downstream process. 
Therefore, higher purity and recovery yield of each component after upstream process are 
preferred to enhance the utilization of lignocellulosic biomass. Through the fractionation 
process, higher purity and recovery of each component and less downstream costs for these 
intermediates or products are expected. However, significant contamination of product 
streams was found from the previous studies (Kim and Lee, 2006; Martinez et al., 1995; 
Papatheofanous et al., 1995; Rubio et al., 1998; Torget et al., 1996; Torget et al., 2000). For 
the development of economically feasible fractionation process with lignocellulosic biomass, 
understanding the structure of biomass, selecting a proper treatment method for target 
components, designing the efficient process and operating under optimal conditions are 
necessary.  
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Effects of ammonia on biomass structure  
Among various pretreatment and fractionation reagents, ammonia has been reported 
as one of the most promising biomass treatment reagents. It is highly selective in 
delignification and effective swelling reagent for lignocellulosic biomass (Kim et al., 2002; 
Wyman et al., 2005). It is also easy to recover because of high volatility and widely used 
commodity chemicals with relative cheap price (Kim and Lee, 2007; Wyman et al., 2005). 
The high hydrogen bonding capacity of ammonia and its small molecular size 
effectively swell and soften biomass. Ammonia interacts with the cellulose hydroxyl group. 
It forms an intracrystalline swelling complex by replacing OH···O hydrogen bonds with 
OH···NH3 bonds. In addition, hydrogen bonding between the biomass molecules is re-
established by the high thermodynamic activity and high rate of diffusion of ammonia. It 
causes modification of the crystalline of cellulose structure (Owen and Pawlak, 1989). The 
hemicellulose is also degraded to oligomeric sugars and deacetylated, but only small amount 
of hemicellulose is solubilized (Gollapalli et al., 2002). Ammonia reacts primarily with lignin 
and causes depolymerization of lignin. The cleavages of the C-O-C bonds in lignin and the 
ether and ester bonds in the LCC are also observed by ammonia treatments (Kim et al., 2011).
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CHAPTER 2. TWO-STAGE FRACTIONATION OF CORN STOVER USING 
AQUEOUS AMMONIA AND HOT WATER 
 
A paper published in the Journal of Applied Biochemistry and Biotechnology 
 
Chang Geun Yoo, Chi-Woo Lee, Tae Hyun Kim 
Abstract 
Hot-water and aqueous ammonia fractionation of corn stover was used to separate 
hemicellulose and lignin and improve enzymatic digestibility of cellulose. A two-stage 
approach was used: The first stage was designed to recover soluble lignin using aqueous 
ammonia at low temperature while the second stage was designed to recover xylan using hot-
water at high temperature. Specifically, the first stage employed a batch reaction using 15 wt% 
ammonia at 60°C, in a 1:10 solid:liquid ratio for 8 hours, while the second stage employed a 
percolation reaction using hot-water, 190-210°C, at a 20 ml/min flow rate for 10 min. After 
fractionation, the remaining solids were nearly pure cellulose.  
The two-stage fractionation process achieved 68% lignin purity with 47% lignin 
recovery in the first stage, and 78% xylan purity, with 65% xylan recovery in the second 
stage. Two-stage treatment enhanced the enzymatic hydrolysis of remaining cellulose to 96% 
with 15 FPU/g of glucan using commercial cellulase enzymes. Enzyme hydrolyses were 
nearly completed within 12-24 hours with the remaining solids fraction.  
 
Index Entries: SAA (soaking in aqueous ammonia); Biorefinery; Lignocellulosic biomass; 
Lignin; Xylan
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Introduction 
Corn stover, lignocellulosic biomass, is considered one of the most promising 
feedstocks for the production of bio- fuels and chemicals, since it is the biomass by-product 
of the single largest quantity in the USA [1]. Corn stover is a heterogeneous material 
consisting mainly of cellulose, hemicelluloses, and lignin which can be converted to 
compounds that either have direct applications or can serve as precursors for important 
industrial chemicals currently produced from oil refinery. Fractionation of lignocellulosic 
biomass into cellulose, hemicelluloses and lignin components has been proposed as the first 
step of biomass refining to high value-added products [2]. 
Glucose, which is the main component of cellulose (C6 stream), can be used as a 
feedstock for bio-based industry such as cellulosic ethanol, food and pharmaceutical 
companies. Glucose is currently being produced from sugar cane and corn for ~ 16 cents/kg 
(April, 2010), [3] but these feedstocks cannot meet the high demand for sugars in the future. 
C6 (mainly glucose) sugar produced from relatively cheap substrates like lignocellulosic 
biomass, has potential to be a valuable feedstock in the future biotechnology and food 
industry. Xylose, which is the main component of hemicellulose (mainly C5 sugars) stream, 
can also be converted to other products besides ethanol. These products include fuels such as 
hydrogen [4], and chemicals such as succinic acid [5], xylitol [6], xylo-oligosaccharides [7], 
and others. Xylo-oligosaccharides (XO) are of particular interest since they have high values 
and can potentially be used in a wide range of applications, including food additives, 
nutraceuticals, and pharmaceuticals [7-12]. Lignin, a complex compound that is comprised of 
aromatic rings that are linked by C-O-C and C-C, can be broken into smaller segments using 
existing facilities in oil refinery plants while maintaining the aromatic ring structures. 
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In order to realize the effective utilization of lignocellulosic material and to develop 
an economically viable biorefinery process, separation of each component with high purity is 
essential. Production of high value products from each component will have strong impacts 
on the future economics of the biofuel and biobased industry. This study is important since it 
demonstrates one possible upstream biorefinery concept utilizing biorenewable materials 
effectively.  
Two-stage fractionation process using aqueous ammonia and hot-water was 
developed in this study. This fractionation process consists of low-molecular weight of lignin 
separation using aqueous ammonia at low temperature, and hemicelluloses separation with 
hot-water (Fig. 1). Kim and Lee have reported aqueous ammonia pretreatment at low 
temperature (60-80°C) retained most of carbohydrates (cellulose + hemicellulose) with solids, 
while it removed lignin significantly [13-15]. It was also reported that autohydrolysis using 
hot-water treatment (190-210°C) was effective for hemicellulose hydrolysis [14, 16-18]. 
 Here the effects of various reaction conditions such as reaction time, flow rate and 
reaction temperature in each stage, are discussed to determine the proper range of the process 
conditions. Composition analysis and enzymatic digestibility tests after fractionation process 
were conducted to evaluate the efficacy of fractionation conditions.  
 
Materials and Methods 
Materials 
 Air-dried ground corn stover was supplied by the National Renewable Energy 
Laboratory (NREL, Golden, CO). The corn stover was screened to a nominal size of 9-35 
mesh. The composition of corn stover was determined by our lab following the chemical 
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analysis and testing standard method developed by NREL [19]. The initial composition of the 
corn stover was 34.2 wt% glucan, 22.3 wt% xylan, 1.6 wt% galactan, 3.1 wt% arabinan, 12.2 
wt% lignin (acid insoluble + acid soluble), 3.9 wt% acetate, 2.2 wt% sucrose, 1.6 wt% 
protein, 4.0 wt% uronic acid, 1.2 wt% ash, and 10.7wt% other extractives.  
 Cellulase enzyme, GC 220 (Genencor International Inc., Lot No #301-04232-162) 
was provided by Genencor International Inc. The average activity of the enzyme was 45 filter 
paper unit (FPU)/ml and the protein was 184 mg/ml. The β-glucosidase enzyme, Novozyme 
188 (Novo Inc., lot no. 11K1088), was purchased from Sigma-Aldrich (St. Louis, MO). 
Activity of β-glucosidase (Novozyme 188 from Novo Inc., Lot No. 11K1088) was 750 
cellobiase unit (CBU)/ml. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Flow diagram of multi-stage fractionation process.  
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Experimental Setup and Operation 
Reaction conditions explored and process scheme are summarized in Fig. 1. 
First stage (aqueous ammonia treatment at low temperature) 
 Corn stover was treated with 15 wt% of aqueous ammonia in glass media bottles 
(Fisher Cat No. 06-141-1C) at 60°C for 4-24 hours. Solid:liquid ratio was kept at 1:10. After 
completion of treatment, the solids and liquids were separated by fluted filter paper (Fisher 
Cat No. 09-790-14F) and solids were washed with de-ionized (DI) water using vacuum filter 
until the wash water had a neutral pH. Solid cakes were dried in the air in our lab until the 
moisture content of samples reached approximately 10% (drying conditions: ambient 
temperature and 48-72 hours of drying time) and stored in the refrigerator for the second-
stage hot-water treatment.  
Second stage (hot-water treatment)  
The reactor system for the second stage treatment consists of flow-through column 
reactor with preheating coil, high performance liquid chromatography (HPLC) pump (Series 
II pump, Chrom Tech, Inc., MN), temperature-programmable gas chromatography (GC) oven 
(Hewlett Packard 5890, HP Inc., Ontario, Canada), solution reservoir and sample cylinder 
tanks #1 and #2. A schematic diagram of the laboratory reactor set-up is shown in Fig. 2. The 
reactor (70 cm3 of internal volume) was constructed out of 6.5 inches of SS-316 tubing with 
an internal diameter of 0.9 inches. Two 1000 ml SS 304 cylinder were used as receiver tanks 
for collecting the liquid products.  
 Corn stover was treated using aqueous ammonia in the first stage and dried in the air 
as described above. Ten dry-gram of ammonia-treated sample was packed into the flow-
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through type reactor. The packed bed reactor with preheating coil was placed in a 
temperature programmable GC oven for temperature control. The packed bed reactor with 
preheating coil was preheated to a desired temperature, at which point the water was pumped 
into the reactor through a preheating coil by a HPLC pump. After the GC oven was brought 
up to temperature, the HPLC pump supplied water to fill the preheating coil (not the reactor). 
The pump was then turned off, while the reactor set and the water in the coil preheated until 
it reached the target temperature (~15 min). The pump was then turned on again, while 300 
psi of N2 backpressure was applied to the reactor system to maintain the system pressure 
above the saturated pressure of water. Preheating time was not included in the reaction time. 
The second stage fractionations were tested under following reaction conditions: 170-210°C 
of reaction temperature and 5.0-15.0 ml/min of flow rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 PG: Press. Gauge 
               TG: Temp. Gauge 
 C.W.: Cooling Water 
 
Fig. 2. Laboratory reactor set-up.  
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Enzymatic Digestibility Test 
The enzymatic digestibilities of solid samples obtained from two-stage fractionation 
were determined in duplicate according to the NREL Chemical Analysis and Testing 
Standard Procedure [20]. Treatment conditions used for sample preparations were as follows: 
two-stage treatment: 24 hours, 60°C, 15 wt% aqueous ammonia, 1:10 of solid:liquid in the 
first stage treatment and two different temperatures covering 170 and 210°C with the flow 
rates of 10 and 20 ml/min of hot-water in the second stage. The conditions of the enzymatic 
digestibility test were pH 4.8 (0.05 M sodium citrate buffer) on a shaker bath agitated at 150 
rpm at 50°C. Enzyme loadings were 15 FPU of GC-220/g of glucan supplemented with 30 
CBU of β-glucosidase (Novozyme 188)/g-glucan. The initial glucan concentration was 1% 
(w/v) based on 100 ml of total liquid and solid [20]. All the samples used in the digestibility 
tests were wet solid samples as collected from various pretreatments. The 250 ml screw-
capped Erlenmeyer flasks containing the enzyme hydrolysis preparations were placed in an 
incubator shaker (New Brunswick Scientific, Edison, NJ). Samples were taken periodically 
(6, 12, 24, 48, 72 and 96 h) and analyzed for sugar contents using HPLC.  
 
Solid and Liquid Sample Analyses  
Solid samples were analyzed for carbohydrates (sugars) and lignin following the 
two-stage acid-hydrolysis procedures given in NREL Chemical Analysis and Testing (CAT) 
Standard Procedures [19]. Each sample was analyzed in duplicate. The conditions of the first 
hydrolysis were 72 wt% sulfuric acid, 1:10 of solid-to-liquid ratio, and 30°C for one hour. 
The conditions for the secondary hydrolysis were 4 wt% sulfuric acid and 121°C for one hour. 
Sugars in the hydrolyzates were determined by HPLC using a Bio-Rad Aminex HPX-87P 
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column coupled with a refractive index detector (Varian 356-LC, Varian, Inc., Palo Alto, CA, 
USA). For the acid insoluble lignin analysis, the autoclaved hydrolysis solution was vacuum 
filtered, and the filtered hydrolyzed solid sample was dried and weighed. The dried samples 
were then combusted in a furnace at 575 ± 25°C for 3 h to determine the ash content. The 
difference of the two weights was taken as the acid insoluble lignin. The absorbance of the 
hydrolysis liquor in the aliquot obtained from the vacuum filter sample at 320 nm on a UV–
Visible spectrophotometer measured the acid soluble lignin. 
Carbohydrates in the liquid samples were determined by secondary acid hydrolysis 
(conditions: 4% H2SO4, 121°C, 1 h) following the NREL Standard Analytical Procedure [21].  
 
Recovery yield, Purity and Fractionation Factor (k) 
 In order to quantitatively evaluate the fractionation effects of various reaction 
conditions on each component (glucan, xylan and lignin), recovery ratio (or yield) and purity 
of each component were defined as follow: 
 Xylan (RX) or lignin recovery (RL) [%]
= Xylan or Lignin [wt. %] in liquidXylan or Lignin [wt. %] in untreated corn stover × 100 
 Xylan (Xylooligomer)(PX) or Lignin purity (in liquid) (PL) [%]
= Xylan or Lignin [wt. %] in liquid(Glucan + Xylan + Lignin)[wt. %] in liquid (hydrolysate) × 100 
 
 
In the liquid hydrolysates, other sugar components such as galactan and arabinan 
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were also released with water or ammonia, but the amounts of these sugars were relatively 
small compared to glucan, xylan and lignin components. Therefore, these other sugars were 
not considered in the calculation of xylan and lignin purities to simplify this study. 
In order to combine above terms, we also introduced a new term, fractionation factor 
k, which combined purity and recovery in one variable and was defined as follow.  
 
 
Where, η1 and η 2 are weighting factor of purity and recovery, respectively.  
 
Comparison of recovery yields and purities obtained from various fractionation 
conditions were simplified with the used of fractionation factor kX and kL. 
In general, trade-off between purity and recovery yield were observed in our study. 
Although both purities and recovery yields are considered to be important, further study is 
needed to determine the range of each weighting factor (e.g. techno-economic analysis). It 
was unclear how each factor affects the overall fractionation economics. In this study these 
weighting factors were assumed to be equally important (η1=η2=1). The compositions of 
solid and liquid samples were analyzed to calculate the purity, recovery and k factor.  
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Results and Discussion 
Effects of the First stage Reaction Time  
The compositional changes in solids after first-stage fractionation are summarized in 
Table 1. In the series of experiments, four different reaction times (4, 8, 12 and 24 hours) 
were attempted at 60°C to find the lignin recovery keeping solid to liquid ratio at 1:10 and 
ammonia concentration of 15 wt%. Solubilization of xylan was only 6%-15% within 4-24 
hours of reaction time. Nearly 100% of glucan was retained at all reaction times. 
Approximately 25% of the lignin was recovered within 4 hours of treatment and the lignin 
recovery (RL) (47%-62%) increased as reaction time (8-24 hours) increased but effect of 
reaction time had no significant effect on recovered lignin purity (PL) (67%-70). When 
η1=η2=1 was assumed, kL increased as reaction time increased and 24 hours treatment 
resulted in the highest kL (=0.65). These first-stage fractionation results, support the previous 
reports [15] that the first stage treatment using aqueous ammonia remove lignins, while 
hemicellulose, mainly xylan, hydrolysis was not substantial. Data in Table 1 also indicated 
that 24 hours of reaction time in the first stage can be selected as the best reaction times in 
terms of lignin recovery (RL).    
Although 24 hours of reaction time in the first stage was the optimum reaction 
condition for the lignin fractionation, overall performance of the fractionation process must 
be determined by considering other factors such as xylan recovery (RX) and purity (PX) in the 
second stage and cellulose recovery, yield, and digestibility after fractionation. To test effects 
of first stage reaction times on xylan fractionation in the second stage, the hot-water 
treatment was then conducted keeping reaction conditions at 210°C, 20.0 ml/min, and 10 min. 
RX and PX data are summarized in Fig. 3. PX increased (6379%) as the reaction time of the 
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first stage, while the RX decreased (6751%) and 8-h treatment in the first stage resulted in 
the highest kX value (0.72) in the second stage. This result indicated that 8 hours of reaction 
time in the first stage was the best reaction time in terms of the xylan recovery (RX) in the 
second stage.  
 
 
 
 
Fig. 3. Effects of first stage reaction time on xylan fractionation in the second stage.  
Note. treatment conditions: 15 wt% of ammonia, 60°C, solid:liquid=1:10, 4–24 h; hot-water, 
20.0 ml/min, 210°C, 10 min; the data points and bars in the graph show the mean value 
(n=2;); data are based on the oven-dried untreated corn stover. 
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Table 1 
Effects of reaction times on the compositions in the first stage a  
 
Reaction 
Time 
Solid  Yield in liquid 
SRb Glucan Xylan Ligninc  
Lignin 
purity 
Lignin 
recovery kL 
[h] [%] [%] [%] [%]  [%] [%] [-] 
Untreated 100.0 34.2 22.3 12.2  - - - 
4 71.7 34.1 20.9 9.1  67.4 25.4 0.46 
8 69.6 34.0 19.8 6.5  67.9 46.7 0.57 
12 68.0 34.4 19.5 6.1  70.1 50.0 0.60 
24 65.2 34.0 19.0 4.7  68.2 61.5 0.65 
 
The data in the table show the mean value (n=2, SD < 0.3 for glucan, xylan, and lignin in 
solid, SD < 1.8 for Lignin purity, SD < 2.3 for Lignin recovery, SD < 0.1 for kL, SD: 
standard deviation). 
a Data in the table are based on the oven-dried untreated corn stover. Fractionation 
conditions: 15 wt% of ammonia concentration, 60°C of reaction temperature, solid : 
liquid ratio=1:10 (based on wt). 
b SR stands for solid remaining after reaction. 
c Acid insoluble lignin + Acid soluble lignin. 
 
Effects of Flow Rate in the Second stage on Xylan Fractionation  
The two-stage fractionation experiments of corn stover were conducted; the reaction 
conditions of the first stage treatment were 4 and 8 hours, 60°C, 15 wt% aqueous ammonia, 
1:10 of solid:liquid. To evaluate the effects of various flow rates in the second stage, three to 
four different flow rates – (1) 1st series of run: 7.5, 10, 15 and 20 ml/min for the 4 h-treated 
corn stover in the 1st stage, and (2) 2nd series of run: 10, 15 and 20 ml/min for the 8 h-treated 
corn stover in the 1st stage - were applied at 210°C, maintaining reaction time at 10 min.  
The PX, RX and kX values in the first series of run are presented in Fig. 4-a. Low RX 
(51%) at 7.5 ml/min was observed with significant amounts of released xylose 
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decomposition. As the flow rate increase from 7.5 ml/min to 15 ml/min, RX increased and 
reached maximum (72 %) with 15 ml/min of flow rate, while PX (70%-71%) was not 
changed much with different flow rate. However, purity, recovery and kX of xylan decreased 
when the flow rate was 20 ml/min. Therefore, 15 ml/min was preferred so as to obtain high 
RX and kX in this study. We assumed that low flow rate (<15 ml/min) resulted in longer 
residence time for xylan decompositions (43%) in the flow-through reactor. It was also 
speculated that the excessively higher flow rate reduced the residence time of hot-water in 
the percolation reactor, and thus xylan was not sufficiently hydrolyzed (67 %) from corn 
stover than 15 ml/min case (72 %). It was also able to explain as following results: At 7.5 
ml/min, 80% of xylan was hydrolyzed from solid while 74% was hydrolyzed by hot-water at 
20 ml/min.   
The PX, RX and kX values in the second series of run are presented in Fig. 4-b. In this 
experiment, PX and RX increased (78% and 65% respectively) as the flow rate increased over 
all attempted flow rate range from 10 to 20 ml/min, which was different from those observed 
in the earlier experiments. Increased RX with 20 ml/min may correlate with the reaction 
severity in the first-stage treatment; 8-hour treatment may result in more open structure than 
4-hour treatment, and then the residence time with 20 ml/min was still sufficient enough to 
hydrolyze the xylan in the corn stover structure. 
In the earlier series of run using 4-h-first-stage treated sample, the degradation of 
xylan at low flow rate was observed. To compare the decompositions of xylan at different 
flow rate more clearly, another set of experiments were conducted keeping the amount of hot-
water throughput constant at 150 ml (Fig. 4-c). Two different flow rates were tested and 
conditions were: 5 ml/min for 30 min and 15 ml/min for 10 min. Fig. 4-c shows the effects of 
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flow rate of hot-water on the amounts of decomposed xylan during the hot-water 
fractionation stage using same amount of liquid throughput. At these conditions, the 
residence time with 5 ml/min using flow-through column reactor was longer than the time 
with 15 ml/min. Therefore, released sugar with 5 ml/min more easily underwent 
decomposition than with 15 ml/min at the same reaction temperature. At 5 ml/min, 52% of 
xylan (based on total xylan in untreated corn stover) was degraded to furfural, formic acid 
and other decomposed products, while only 15% of xylan was decomposed in 15 ml/min 
case. Therefore, RX with 15 ml/min was 59%, which was higher than 35% with 5 ml/min-30 
min. 
 
 
(a) 4 h-1st stage-treated sample 
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(b) 8 h-1st stage-treated sample 
 
(c) Flow rate effects with constant liquid throughput on xylan mass balance 
 
0.50  
0.55  
0.60  
0.65  
0.70  
0.75  
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
10 15 20 
kx
 
Xy
la
n 
pu
rit
y 
an
d 
re
co
ve
ry
 [%
] 
Flow rate [ml/min] Px 
Rx 
kx 
39.9 
66.2 
8.3 
18.7 51.8 
15.2 
0 
20 
40 
60 
80 
100 
5 15 
Xy
la
n 
[%
] 
Flow rate [ml/min] 
Furfural and other decomposed products 
Retained xylan in solid 
Released xylan in liquid 
  40 
  
Fig. 4. Effects of flow rate of hot-water on xylan fractionation in the second stage.  
Note: The data points and bars in the graph show the mean value (n=2); (a) and (b) reaction 
conditions: 15 wt% of ammonia, 60°C, solid:liquid=1:10, 4-8 h; hot-water, 210°C, 10 min; (c) 
reaction conditions: 15 wt% of ammonia, 60°C, solid : liquid ratio=1:10, 8 h; hot-water, 
210°C, 10-30 min; total amount of water throughput: 150ml.  
 
 
Effects of Reaction Temperature in the Second stage on Xylan Fractionation 
 The effects of reaction temperature of hot-water treatment on PX and RX were tested 
using two different sets of reaction conditions: (1) 1st stage: 4 hours, 15 wt% aqueous 
ammonia 60°C, 1:10 of solid:liquid; 2nd stage: three different temperatures covering 170-
210°C with the flow rates of 15.0 ml/min; (2) 1st stage: 12 hours, 15 wt% aqueous ammonia 
60°C, 1:10 of solid:liquid; 2nd stage: four different temperatures covering 150- 210°C with 
the flow rates of 5.0 ml/min. The PX, RX and kX are presented in Fig. 5.  
In the first set of runs (Fig. 5-a) with 15 ml/min of hot-water flow rate, the maximum 
PX (74%) and RX (72%) were obtained under conditions of hot-water fractionation at 190°C 
and 210°C, respectively. On the other hand, in the second set of runs (Fig. 5-b) with 5 ml/min 
of hot-water flow rate, RX increased as temperature increased, on the contrary decrease of PX 
was observed as temperature increased; this explains that remaining lignin in corn stover also 
underwent the solubilization reaction. Fractionation factor, kX increased with reaction 
temperature up to 190°C (kX=0.62), then decreased at 210°C. Overall, 5.0 ml/min of hot-
water fractionation recovered xylan at low yields, which were only in the range of 12.5%-
43.9%.  
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(a) 1st stage: 4 h ammonia treatment - 2nd stage: hot-water 15.0 ml/min, 10 min 
 
 
(b) 1st stage: 12 h ammonia treatment. - 2nd stage: hot-water 5.0 ml/min, 30 min 
 
Fig. 5. Effects of reaction temperature of hot-water on xylan fractionation in the second stage. 
Note. treatment conditions: 15 wt% of ammonia, 60°C, solid:liquid=1:10, 4-12 h; hot-water, 
5.0-15.0 ml/min, 10-30 min: the data points and bars in the graph show the mean value (n=2).  
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Enzymatic Digestibility of Fractionated Corn Stover 
With the remaining solid samples after two-stage treatment, enzymatic digestibility 
tests were conducted using GC-220 cellulase supplemented with Novozyme 188 β-
glucosidase enzymes. Enzymatic digestibility test results are presented in Fig. 6. Enzyme 
digestibilities of two-stage treated corn stover were 91%-97% with 15 FPU/g of glucan. 
Digestibility (at 72 h) of 210°C-treated corn stover were substantially higher than 170°C-
treated samples and glucan hydrolysis of 210°C-treated samples were nearly completed only 
within 24 hours. It should be noted that shorter enzyme hydrolysis time is considered to be 
important from the economic point of view because enzyme hydrolysis is the limiting step 
due to the slower reaction rate than that of microbial reaction in bioconversion of cellulosic 
using simultaneous saccharification and fermentation (SSF).  
The impacts of treatment conditions on the composition of solids and liquids, and on 
the enzymatic digestibility of solids, are summarized in Table 2. Increasing temperature of 
the second stage from 170 to 210 °C reduced the xylan and lignin contents of the treated 
solids, regardless of flow rate, with the most significant composition change in the xylan: At 
10 ml/min, xylan and lignin removals were increased 42% to 80%, and 72% to 80%, 
respectively; while at 20 ml/min, xylan and lignin removals were increased 51% to 85%, and 
73% to 93%, respectively. These results probably reflect that the xylan was more labile in 
this temperature range. In contrast, glucan content remained relatively constant. 
The glucan and xylan digestibilities of the untreated corn stover were 19% and 13% 
at 15 FPU/g of glucan, respectively. At both flow rates, the glucan and xylan digestibilities of 
the 170 °C-treated samples were all above 73%, while those of the 210 °C-treated samples 
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were all above 97%. Second-stage temperature appears far more important than flow rate, in 
determining the enzymatic digestibility of treated solids. It appears that the reduced xylan 
and lignin contents in the treated solid samples contributed to the improved enzyme 
digestibility of the remaining solids, but there is no clear evidence regarding which of these 
components contributes most significantly to the enhanced digestibility. 
 
 
 
Fig. 6. Enzymatic digestibility of two-stage treated corn stover.  
Note. treatment conditions: 15 wt% of ammonia, 60°C, solid:liquid=1:10, 24h; hot-water 
20.0 ml/min, 10min, 170-210°C; enzymatic hydrolysis conditions: 15 FPU of GC 220 / g-
glucan and 30 CBU of Novozyme 188 / g-glucan, pH 4.8, 50°C, 150 rpm; the data points in 
the graph show the mean value (n=2). 
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Table 2 
Effects of flow rate and temperature on the solid- liquid compositions and enzymatic 
digestibility after the two stage fractionation a  
 
Flow rate Temp SRb Solid  Liquid  
Enzymatic 
Digestibilitye 
Glucan Xylan Ligninc  Glucan Xylan Lignin
d  Glucan Xylan 
[ml/min] [°C] [%] [%] [%] [%]   [%] [%] [%]   [%] [%] 
Untreated  100 34.2 22.3 12.2  - - -  19.0 12.5 
             
10 170 54.4 34.2 13.0 3.4  0.9 6.1 0.6  79.8 73.1 
 210 50.9 33.0 4.4 2.5  1.9 10.7 1.0  96.8 97.4 
             
20 170 40.3 33.6 10.9 3.3  0.8 7.8 0.7  84.9 78.4 
  210 38.7 32.2 3.4 0.8   1.8 11.3 1.2   97.4 100.0 
 
The data in the table show the mean value (n=2, SD<0.5 for glucan, xylan, and lignin in solid, 
SD: standard deviation). 
a Data in the table are based on the oven-dried untreated corn stover. Fractionation conditions: 
1st stage- 15 wt% of ammonia concentration, 60°C of reaction temperature, 24 h or reaction 
time, and solid : liquid ratio=1:10 (based on wt); 2nd stage- hot-water, 5.0-15.0 ml/min, 10 
min, 170-210°C.  
b SR stands for solid remaining after reaction. 
c Acid insoluble lignin + Acid soluble lignin. 
d Digestibility at 72 h, enzymatic hydrolysis conditions: 15 FPU of GC 220 / g-glucan and 30 
CBU of Novozyme 188 / g-glucan, pH 4.8, 50°C, 150 rpm.  
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Conclusion  
Three main components of corn stover: glucan, xylan, and lignin were effectively 
fractionated by fractionation processes using aqueous ammonia and hot-water. The best two-
stage treatment conditions were observed as follows: first stage-15 wt% aqueous ammonia 
for 8 h at 60°C and solid:liquid ratio of 1:10, second stage- 20 ml/min hot-water at 190-
210°C for 10 min. Under these conditions, (1) 78% of PX, 65% of RX and 0.72 of kX and (2) 
68% of PL, 47% of RL and 0.57 of kL were obtained. The remaining solid contains mostly 
cellulose (> 86%) after fractionation process and it enhanced enzymatic digestibility of 
treated solid sample (97%).  
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CHAPTER 3. OPTIMIZATION OF TWO-STAGE FRACTIONATION PROCESS FOR 
LIGNOCELLULOSIC BIOMASS USING RESPONSE SURFACE METHODOLOGY 
(RSM) 
 
Modified1
 
 from a paper published in the Journal of Biomass & Bioenergy 
Chang Geun Yoo, Chi Woo Lee, Tae Hyun Kim 
 
Abstract 
A two-stage process using aqueous ammonia and hot-water has been investigated to 
fractionate corn stover. To optimize the fractionation process so that hemicellulose recovery 
and purity in the liquid hydrolysate were maximized, the experiments were carried out 
employing response surface methodology (RSM). A central composite design (CCD) was 
used to evaluate and confirm the effectiveness and interactions of factors. The optimal 
fractionation conditions were determined to be as follow: (1) First-stage reactor operated in 
batch mode using a 15% NH4OH solution (WNH3 =15%) at 1:10 solid:liquid ratio, 60 °C and 
24 h; (2) second stage percolation reactor operated using hot-water at 20 ml/min, 200 °C, and 
10 min. The model predicted 51.5% xylan recovery yield and 82.4% xylan purity under these 
conditions. Experiments confirmed the maximum xylan recovery yield and purity were 54.7% 
and 83.9% respectively under the optimal reaction conditions. 
                                                          
1 Some of the units in this article are modified for consistency throughout this thesis. 
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With the solids resulting from the two-stage treatment, 87-98% glucan digestibilities 
were obtained with 15 FPU of GC 220 per g-glucan and 30 CBU of Novo 188 per g-glucan 
enzyme loadings. Xylan digestibility of xylooligomer hydrolysates reached 76% with 8,000 
GXU per g-xylan of Multifect-Xylanase loading. In the simultaneous saccharification and 
fermentation (SSF) test using treated solids and Saccharomyces cerevisiae (D5A), 86 - 98% 
of ethanol yield was obtained on the basis of the glucan content in the treated solids.  
 
Key words: Corn stover; Biorefinery; Value-added co-products; Simultaneous 
Saccharification and Fermentation (SSF); Xylooligomer; Ethanol; Zea mays  
 
1. Introduction 
Exploiting efficient processes for improving the processing of lignocellulosic 
materials has been an issue of great interest in biotechnology area during the last few decades. 
Recently, interest has been focused on the production of intermediates using fractionation 
processes [1-6].  
Fractionation of lignocellulosic materials can be one method to improve overall 
biomass utilization. When separated, the three main components in biomass: cellulose, 
hemicelluloses, and lignin, can be utilized in direct applications or precursors for industrial 
chemicals; for example, (1) fractionated lignin can be directly combusted as a fuel [7], 
converted to gasoline blending stock [8], used as resources for many value-added products 
including as activated carbon, binder, dispersant, emulsifier, and sequestrant [9-16]; (2) 
cellulose can be converted to cellulosic ethanol, or used in food and pharmaceutical 
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applications; and (3) hemicellulose, mainly composed of xylose, can be converted to furfural 
[17, 18], hydrogen [19], succinic acid [20], xylitol [21], and xylo-oligosaccharides [22].  
In our laboratory, two-stage fractionation process using aqueous ammonia and hot-
water has been developed to fractionate corn stover effectively into cellulose, hemicelluloses 
and lignin with high purity [23]. Ammonium hydroxide was used to separate lignin from 
lignocellulosic biomass in the first stage. We have reported elsewhere that this process 
effectively removed the lignin without significant loss of cellulose and hemicelluloses, and 
increase the enzymatic digestibility of the remaining solids [23-25]. The remaining solids 
after first stage treatment, which contained most of cellulose and hemicellulose, were treated 
using hot-water in the second stage [23].  
In this study, response surface methodology (RSM) was applied to optimize the 
second stage reaction of the two-stage fractionation process hot-water to maximize xylan 
recovery yield and hydrolysate purity. RSM is a statistical tool for designing experiments, 
building empirical models, and evaluating the effects of factors [26, 27]. RSM can reduce the 
number of experimental trials needed to evaluate multiple parameters and their interactions 
[28-30]. Several variables of the fractionation process, including reaction temperature of hot-
water treatment and flow rate of hot-water treatment, were selected as factors of experimental 
design by preliminary tests. Optimal reaction conditions of these two factors for maximal 
xylan recovery yield and purity were determined by central composite design (CCD). For 
further evaluation of the effectiveness of the optimized reaction conditions, enzymatic 
digestibility tests for glucan in residual solids and for xylan in xylooligomer hydrolysates 
were conducted. In addition, the production of ethanol from residual solid after fractionation 
was tested by simultaneous saccharification and fermentation (SSF) reactions.  
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2. Methods 
2.1. Materials 
Air-dried ground corn stover was supplied by the National Renewable Energy 
Laboratory (NREL, Golden, CO). The corn stover (Zea mays) which includes stalks, leaves, 
tassel, husks, and cobs from Pioneer 34M95 was harvested in Wray, northeastern Colorado in 
2002. The harvested corn stover was washed by distilled water and air-dried at ambient 
temperature, and then screened to a nominal size of 9-35 mesh. The prepared corn stover was 
stored in the refrigerator at 4ºC. The composition of corn stover was determined by our lab 
following the chemical analysis and testing standard method developed by NREL [31]. The 
mass fraction of each component in the untreated corn stover was 34.2 % glucan, 22.3 % 
xylan, 1.6 % galactan, 3.1 % arabinan, 12.2 % lignin (acid insoluble + acid soluble), 3.9 % 
acetate, 6.2 % sucrose, 1.6 % protein, 4.0 % uronic acid, 1.2 % ash, and 10.7 % other 
extractives.  
Cellulase enzyme, GC 220 (Genencor International Inc., Lot No #301-04232-162) 
and Multifect-Xylanase (Genencor International Inc., Lot. #301-04021-015) were provided 
by Genencor International. The average activities of cellulase (GC-220) and xylanase 
(Multifect) were 45 FPU/ml and 8000 GXU/ml, respectively. The β-glucosidase enzyme, 
Novozyme 188 (Novo Inc., lot no. 11K1088), was purchased from Sigma-Aldrich (St. Louis, 
MO). Activity of Novozyme 188 was 750 cellobiase unit (CBU)/ml.  
The microorganism used for SSF was Saccharomyces cerevisiae ATCC® 200062 
(NREL-D5A), which is a SERI strain genetically improved from Red Star baker's yeast. The 
growth media was YP medium. The mass fractions of yeast extract (Sigma cat. No. Y-0500) 
and peptone (Sigma cat. No. P-6588) in YP medium were 10 and 20 g/l respectively. 
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2.2. Experimental setup and Operation 
The reaction and operating conditions are summarized in Fig. 1. 
 
 
 
 
 
 
Fig. 1. Experimental conditions 
 
2.2.1. First stage: aqueous ammonia treatment at low temperature 
Corn stover was treated with 15% NH4OH solution (WNH3 =15%) in glass media 
bottles (Fischer Cat# 06-414-1C) at 60 °C for 24 h. Solid-to-liquid ratio was kept at 1:10. The 
source of ammonia was 29.5% of ammonium hydroxide (Fisher Cat# A669C). This was 
diluted to 15% NH4OH solution (WNH3 =15%) with deionized (DI) water and used for the 
treatment. After the completion of treatment, the solids and liquids were separated by fluted 
filter paper (Fisher Cat# 09-790-14F), and solids were washed with DI water using vacuum 
filter until the wash water had a neutral pH. Solid cakes were dried in the air until the 
moisture content of samples reached approximately 10% (drying conditions: ambient 
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• Reaction temp.: 60˚C 
• Reaction time: 24 h 
• Solid : Liquid = 1:10 
• 15% NH4OH solution (WNH3 = 
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temperature and 48-72 h of drying time) and stored in the refrigerator for the second-stage 
hot water treatment.  
 
2.2.2. Second stage: hot-water treatments 
The reactor system for the second stage treatment consists of a flow-through column 
reactor with preheating coil, an HPLC (high performance liquid chromatography) pump 
(Series II pump, Chrom Tech, Inc., MN), a temperature-programmable GC (gas 
chromatography) oven (Hewlett Packard 5890, HP Inc., Ontario, Canada), solution reservoirs 
and a sample cylinder tank. The reactor (70 ml of internal volume) was constructed from a 
16.5 cm length of 2.3 cm I.D. SS-316 tubing. Two 1000 ml SS 304 cylinder were used as 
receiver tanks for collecting the liquid products.  
Corn stover was treated using aqueous ammonia in the first stage and dried in the air 
as described above. After drying, 10 g of dry ammonia-treated stover was packed into the 
flow-through reactor. The oven was preheated for 15 minutes, and 2.1 MPa of N2 
backpressure was applied to the reactor system before reactor startup. Water was pumped by 
HPLC pump to the reactor in the second stage. At the completion of the run, the reactor was 
flushed with water to remove the residual sugar in the treated biomass. The wet solids 
obtained from the reactor were separated into three portions: One was dried for measurement 
of weight loss and subjected to composition analysis, while the others were subjected to the 
enzymatic digestibility test and fermentation tests.  
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2.3. Enzymatic digestibility test 
The enzymatic digestibilities of solid samples obtained from two-stage fractionation 
were determined in duplicate according to the NREL Chemical Analysis and Testing 
Standard Procedure [32].  
The reaction conditions used for two-stage treated solid sample preparation were as 
follows: (1) S:L = 1:10 using 15% NH4OH solution (WNH3 =15%), at 60 °C for 24 h in the 
first-stage treatment using batch reactor and (2) 10 min, 160-220 °C with the flow rates of 8-
22 ml/min of hot water in the second stage. In addition, xylooligomer hydrolysates were 
prepared under the following conditions: (1) S:L = 1:10 using 15% NH4OH solution (WNH3 
=15%) at 60 °C for 24 h in the first-stage treatment using batch reactor and (2) 210 °C, 20 
ml/min, and 10 min using percolation reactor. 
The conditions of the enzymatic digestibility test were pH 4.8 (0.05 mol/l sodium 
citrate buffer) on a shaker bath agitated at 2.5 Hz at 50 °C. Two different enzymatic 
digestibility tests were conducted with solid residue after two-stage fractionation and 
xylooligomer hydrolysate which was collected in the second stage.  
For the enzymatic digestibility tests of the fractionated solid residue, 15 FPU of GC-
220 per g of glucan supplemented and 30 CBU of β-glucosidase (Novozyme 188) per g-
glucan were loaded. The initial glucan concentration was 1% of total liquid and solid. The 
solid residue samples used in the digestibility tests were wet samples as collected after two-
stage fractionation. Avicel was put through the same procedure as a reference. For the 
enzymatic digestibility tests of xylooligomer hydrolysates, 8,000 GXU of Multifect-Xylanase 
were loaded. The initial xylan concentration was 1% of total liquid.  
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The 250 ml screw-capped Erlenmeyer flasks containing the enzyme hydrolysis 
preparations were placed in an incubator shaker (New Brunswick Scientific, Edison, NJ). 
Samples were taken periodically (6, 12, 24, 48, 72 and 96 h) and analyzed for glucose and 
xylose content using HPLC.  
The glucan and xylan digestibilities were calculated as follows: 
𝐺𝑙𝑢𝑐𝑎𝑛 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑔)×0.9
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑔𝑙𝑢𝑐𝑎𝑛 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑔) × 100   (1) 
0.9 is the conversion factors of glucose to equivalent glucan. 
 
𝑋𝑦𝑙𝑎𝑛 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑥𝑦𝑙𝑜𝑠𝑒 (𝑔)×0.88
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑥𝑦𝑙𝑎𝑛 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑔) × 100    (2) 
0.88 is the conversion factors of xylose to equivalent xylan. 
 
2.4. Simultaneous saccharification and fermentation (SSF)  
 Fractionation conditions used for solid sample preparations were as follows: (1) 24 h, 
60 °C, S:L = 1:10 using a 15% NH4OH solution (WNH3 =15%) in the first-stage treatment 
and (2) 10 min, 170 and 210 °C with the flow rates of 10, and 20 ml/min of hot water in the 
second stage. 
For SSF test, a 250 ml Erlenmeyer flask was used as a bioreactor. It was shaken in the 
incubator shaker (New Brunswick Scientific, Edison, NJ) at 37 °C and 2.5 Hz. Into a 100 ml 
working volume of liquid, treated corn stover sample was introduced to reach 3g glucan 
content in the reactor. The SSF run was performed with buffer but without external pH 
control, starting at pH 5.0 at the beginning of the fermentation and gradually decreasing to 
pH 4.5 at the end. The loading of cellulase enzyme (GC-220) was 15 FPU per g-glucan, and 
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that of β-glucosidase (Novozyme 188) was 30 CBU per g-glucan. Samples were taken 
routinely until fermentation process ended.  
 The ethanol yield in SSF test was calculated as follows: 
 Ethanol yield related to the maximum yield based on initial mass of glucose (%) = 𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑔)𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑜𝑟
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑔)𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 ×0.511 × 100         (3) 
 
2.5. Analytical methods  
Solid samples were analyzed for carbohydrates (sugars) and lignin following the 
two-stage acid-hydrolysis procedures given in NREL Chemical Analysis and Testing (CAT) 
Standard Procedures [31]. Each sample was analyzed in duplicate. The conditions of the first 
hydrolysis were: 1:10 of solid-to-liquid ratio using a 72% sulfuric acid (WH2SO4 = 72%), and 
30 °C for one hour. The conditions for the secondary hydrolysis were 4% sulfuric acid 
(WH2SO4 = 4%) and 121 °C for one hour. Sugars in the hydrolysates were determined by 
HPLC using a Bio-Rad Aminex HPX-87P column coupled with a refractive index detector. 
(Varian 356-LC, Varian, Inc., CA). For the acid insoluble lignin analysis, the autoclaved 
hydrolysis solution was vacuum filtered, and the filtered hydrolyzed solid sample was dried 
and weighed. The dried samples were then combusted in a furnace at 575 ± 25 °C for 16 h to 
determine the ash content. The difference of the two weights was taken as the acid insoluble 
lignin. The absorbance of the hydrolysis liquor in the aliquot obtained from the vacuum filter 
sample at 320 nm on a UV–Visible spectrophotometer measured the acid soluble lignin [31]. 
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Carbohydrates in the liquid samples were determined by secondary acid hydrolysis 
(conditions: 4% sulfuric acid (WH2SO4 = 4%), 121 °C, 1 h) following the NREL Standard 
Analytical Procedure [33].  
 
2.6. Recovery yield and purity  
 In order to quantitatively evaluate the fractionation effects of various reaction 
conditions on each component (glucan, xylan and lignin), purity and recovery ratio (or yield) 
of each component were defined in the previous study [23]: 
 
𝑋𝑦𝑙𝑎𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑦𝑖𝑒𝑙𝑑(𝑅𝑥) = 𝑋𝑦𝑙𝑜𝑠𝑒×0.88+𝑋𝑦𝑙𝑎𝑛 [𝑔]𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑𝑋𝑦𝑙𝑎𝑛 [𝑔] 𝑖𝑛 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑟𝑛 𝑠𝑡𝑜𝑣𝑒𝑟 × 100          (4) 
 
𝑋𝑦𝑙𝑎𝑛 𝑝𝑢𝑟𝑖𝑡𝑦(𝑃𝑥) = 𝑋𝑦𝑙𝑎𝑛 [𝑔]𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑(𝐺𝑙𝑢𝑐𝑎𝑛+𝑋𝑦𝑙𝑎𝑛+𝐿𝑖𝑔𝑛𝑖𝑛)[𝑔]𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒 × 100     (5) 
 
2.7. Response surface methodology (RSM) 
The series of experiments designed and conducted are shown in Table 1. To achieve 
high xylan recovery yield from corn stover, hot water fractionation conditions were 
optimized by RSM based on the 22 factorial central composite designs. The matrix 
corresponding to the CCD is presented in Table 2. Twelve experiments were carried out with 
two variables, and each variable varied at three levels (α = 1.41) for xylan recovery yield. 
Xylan recovery yield was the response (dependent) variables. The quadratic polynomial 
model was fitted for the xylan recovery yield (Y1), and xylan purity (Y2) giving the following 
Eq.(6): 
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Y = α0 + α1 A + α2 B + α11 A2 + α22 B2 + α12 A B             (6) 
Where A, and B represent coded levels of the independent variables; α0 is intercept 
terms; α1, and α2 are linear terms; α11, and α22 are quadric terms; α12 is interaction terms. The 
statistical analysis of the data was performed using "Design Expert" software (version 7.1.1, 
Stat-Ease, Inc., Minneapolis, USA). 
Table 1 
Independent variables and their levels in the experimental design 
Independent variable Symbols Unit Code Levels 
   
-1 0 1 
Flow rate A ml/min 10 15 20 
Reaction temperature B °C 170 190 210 
 
 
3. Results and discussion 
3.1. RSM 
The optimal reaction conditions of the first stage treatment using 15% NH4OH 
solution (WNH3 =15%) were chosen on the basis of the previous study as follows: 1:10 
solid:liquid ratio using a 15% NH4OH solution (WNH3 =15%) and 60 °C for 24 h [23]. In this 
condition, the maximum lignin recovery was obtained, which was approximately 62% based 
on lignin in the oven dry untreated corn stover. To simplify the experiment in this study, two 
variables such as reaction temperature and flow rate in the second stage only were identified 
as the most significant variables with a range of 160-220 °C, 8-22 ml/min, respectively.  
A CCD with the Design-Expert (Stat-Ease, Inc., Minneapolis, USA) software was 
employed to investigate the simultaneous effect of reaction temperature and flow rate of hot-
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water treatment on xylan recovery yield and purity. The performances of various 
combinations of fractionation conditions are summarized in Table 2. The polynomial 
equation, describing the xylan recovery yield (Y1) as a simultaneous function of reaction 
temperature and flow rate of hot-water treatment, is shown in Eq. (7)  
 
Y1 = 45.45 + 3.77 A + 8.63 B – 5.58 B2        (7) 
 
In addition to the data in Table 2, the detail compositional changes of treated solids 
and liquids in two-stage fractionation and enzymatic digestibilities of treated solids are 
summarized in Table 3. One negative phenomenon was observed in the 2nd stage treatment; 
as reaction temperature increased in the second stage, more xylan was solubilized into liquid 
(lower part of Table 3); however, the accountability of xylan (xylan content in the solid plus 
that in liquid) above 200 °C was 70-80% for at all tested flow rates, indicating substantial 
amount of xylan was decomposed under those conditions. On the other hand, the 
accountability of glucan was nearly 100% and the glucan content was well preserved. 
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Table 2 
Experimental design and results of the central composite design 
Run Variables 
 
Response 
 
(A) Flow rate 
[ml/min] 
(B) Reaction temp. 
[°C]  
Y1 xylan recovery 
[%] 
Y2 xylan purity 
[%] 
1 -1 -1 
 
27.6 80.6 
2 -1 1 
 
48.1 78.8 
3 1 -1 
 
34.8 83.9 
4 1 1 
 
50.7 79.2 
5 0 0 
 
50.4 82.1 
6 0 0 
 
42.7 80.9 
7 0 0 
 
50.1 82.3 
8 0 0 
 
41.6 79.8 
9 -1.41 0 
 
36.3 81.3 
10 0 -1.41 
 
22.3 82 
11 0 1.41 
 
76.6 45.4 
12 1.41 0 
 
50.7 79.2 
 
  
  60 
Table 3 
Effects of reaction conditions on the composition of liquid hydrolysates and residual solids in 
two-stage fractionation a 
Single-stage treatment (after 1st stage – SAA) 
Reaction Conditions 
 
Liquid 
 
Solids 
 
Enzymatic 
Digestibility b 
Time Temperature 
 
Glucan Xylan Lignin 
 
Glucan Xylan Lignin 
 
Glucan Xylan 
[hour] [°C]   [wt.%] [wt.%] [wt.%] 
 
[wt.%] [wt.%] [wt.%] 
 
[%] [%] 
Untreated 
  
- - - 
 
34.2 22.3 12.2 
 
19.0 12.5 
             24 60   0.5 3.6 7.5   33.7 18.7 4.7   - - 
 
Two-stage treatment (1st stage-SAA and 2nd stage –hot water) 
Temperature 
Liquid 
 
Solids  
Total 
(liquid + solid)  
Enzymatic 
Digestibility b 
Glucan Xylan Lignin 
 
Glucan Xylan Lignin  Glucan Xylan Lignin 
 
Glucan Xylan 
[°C] [wt.%] [wt.%] [wt.%] 
 
[wt.%] [wt.%] [wt.%]  [wt.%] [wt.%] [wt.%] 
 
[%] [%] 
SAA-treated 
solid - - -  
33.7 18.7 4.7  33.7 18.7 4.7 
 
- - 
        
    
   
8 ml/min 
       
    
   
190 1.2 8.1 0.7 
 
33.8 8.8 2.3  35.0 16.9 3.0 
 
92.7 77.7 
10 ml/min 
       
    
   
170 0.9 6.1 0.6 
 
34.2 13.0 3.4  35.1 19.1 4.0 
 
85.8 70.1 
210 1.9 10.7 1.0 
 
33.0 4.4 2.5  34.9 15.1 3.5 
 
96.3 97.4 
15 ml/min 
       
    
   
160 0.6 5.0 0.5 
 
34.9 13.1 2.6  35.5 18.1 3.1 
 
81.3 66.7 
190 1.4 10.3 0.9 
 
32.9 6.8 2.0  34.3 17.1 2.9 
 
91.9 83.6 
220 1.9 10.0 1.2 
 
32.0 3.0 1.6  33.9 13.0 2.8 
 
91.6 100 
20 ml/min 
       
    
   
170 0.8 7.8 0.7 
 
33.6 10.9 3.3  34.4 18.7 4.0 
 
88.2 74.9 
210 1.8 11.3 1.2 
 
32.2 3.4 0.8  34.0 14.7 2.0 
 
98.3 100 
22 ml/min 
       
    
   
190 1.8 11.3 1.2 
 
32.3 5.8 1.6  34.1 17.1 2.8 
 
93.3 86.4 
 
a All sugar and lignin content based on the oven-dry untreated biomass. Values are expressed 
as mean.  
b Enzymatic digestibilities with the residual solids after two-stage fractionation. 
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The summary of the analysis of variance (ANOVA) is also presented in Table 4. Less 
than 0.05 of ‘Prob>F’ for coefficient of A, B, and B2imply that these coefficients in the 
model in Eq. (7) significantly affect xylan recovery yield, while coefficient of AB and B2do 
not influence xylan recovery yield in the range of this study. The model F-value of 24.91 for 
Y1 (xylan recovery) and the value of ‘Prob>F’ (0.0002) for the overall model show that the 
overall model is also significant.   
 
Table 4 
ANOVA Analysis for Responses Y1 [xylan recovery (%)] and Y2 [xylan purity (%)] 
Source   
Sum of  
squares 
  
Degree of  
freedom 
  
Mean  
squares 
  F-values   Prob a>F 
For Y1                     
Model 
 
917.62  
 
3 
 
305.87  
 
24.91  
 
0.0002 
A 
 
113.74  
 
1 
 
113.74  
 
9.26  
 
0.0160 
B 
 
596.30  
 
1 
 
596.30  
 
48.57  
 
0.0001 
B2 
 
207.58  
 
1 
 
207.58  
 
16.91  
 
0.0034 
Residual 
 
98.22  
 
8 
 
12.28  
    
Lack of 
Fit  
31.96  
 
5 
 
6.39  
 
0.29  
 
0.8923 
Pure Error 
 
66.26  
 
3 
 
22.09  
    
           
For Y2           
Model 
 
24.98  
 
1 
 
24.98  
 
14.38  
 
0.0035 
B 
 
24.98  
 
1 
 
24.98  
 
14.38  
 
0.0035 
Residual 
 
17.37  
 
10 
 
1.74  
    
Lack of 
Fit  
13.32  
 
7 
 
1.90  
 
1.41  
 
0.4234 
Pure Error   4.05    3   1.35          
a Probability values (P-values). 
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The regression model for xylan purity is presented in Eq. (8). ANOVA test showed the 
predicted model well matched the observed values, and the values of ‘Prob>F’ suggest that 
the independent values B (reaction temperature) only had significant effects on the xylan 
purity in the range of this study (Table 4). 
 
Y2 = 80.56 – 1.77 B         (8) 
 
The 3-D response surfaces using Eq. (7) for xylan recovery yield and Eq. (8) for 
xylan purity are respectively shown in Fig 2. The optimization of reaction temperature and 
flow rate of hot-water treatments for the maximum xylan recovery yield was carried out in 
the range of experimental runs using the Design Expert software. The maximum xylan 
recovery yield and optimal conditions were also determined as 51.5% at 200 °C and 20 
ml/min by the Design Expert software. At the same reaction conditions, the confirmation 
experiments were conducted and xylose recovery yield of 54.7% was obtained with 84.3% 
xylan purity. For the xylose purity, 82.4% was predicted at 170 °C and 20 ml/min using the 
software, and 83.9% was obtained at the same reaction conditions in the confirmation 
experiments. These showed that these experimental results were in agreement with the model 
predictions. The model equations are reliable with the same substrate in a range of 
experimental conditions.  
In our previous study without RSM-based optimization, poor lignin recovery yield 
(47%) and relatively low xylan purity (78%) were obtained even though high xylan recovery 
yield (65%) was obtained [23], whereas this study using RSM optimization resulted in 
increases of both lignin recovery yield (62%) and xylan purity (84.3%), but xylan recovery 
  63 
yield (54.7%) was slightly sacrificed. Higher purity may be preferred, because if the 
xylooligomer hydrolysates resulting from the second stage are significantly contaminated by 
soluble lignin, in other word the xylan purity is low and they must be cleaned and detoxified 
before they are subjected to bioconversion, which makes the whole process complicated. 
This is an untested troublesome unit process and undoubtedly a significant cost factor [34].  
 
(a)  
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(b) 
 
Fig. 2 Response surface curve showing combined effect of flow-rate and reaction 
temperature on xylan recovery and purity by hot-water pretreatment in the second stage 
 
3.2. Enzymatic digestibility tests 
Although the recovery yields and purities of each component in the two-stage 
fractionation process are important, the viability of downstream bioconversion should be 
considered. Therefore, enzymatic digestibility tests were conducted with remaining solids 
after two-stage fractionation using GC-220 cellulase enzyme and Novozyme 188 β-
glucosidase enzymes. Enzymatic digestibility test results of remaining treated-solids after 
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two-stage fractionation and Avicel are shown in Fig. 3 and Table 3. The data indicate that 72 
h-glucan digestibilities of two-stage treated solids with 10-20 ml/min increased from 88% - 
89% to 96% - 98% as the reaction temperature in the second stage increases from 170 °C to 
210 °C, while the effect of flow rate was not significant. As shown in Table 3, 210°C-treated 
solids contained lower lignin mass fraction (0.8-2.5%) than 170 °C-treated solids (2.3-3.4%), 
which seemed to be related with improved digestibilities of 210 °C-treated solids. With all 
treated solids, the glucan digestibilities reached 80% - 97% within 24 h and initial hydrolysis 
rates were even much higher than that of Avicel which is typically considered as pure 
cellulose with no other chemical inhibitors. Avicel was subjected to the same procedure as a 
control. 
 
Fig. 3. Enzymatic digestibility of two-stage treated samples 
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Note: (1) Fractionation conditions: 1st stage - 15% NH4OH solution (WNH3 =15%), 60 °C, 
solid : liquid ratio = 1:10, 24 h; 2nd stage -  hot-water, 170 - 210 °C, 10 - 20 ml/min, 10 min. 
(2) Enzymatic hydrolysis: 15 FPU of GC 220 per g-glucan, 30 CBU of Novozyme 188 per g-
glucan, 37°C, pH 4.8 maintained by 0.05 mol/l citrate buffer, 2.5 Hz. (3) The data points and 
bars in the graph show the mean value. 
 
In addition, the enzymatic digestibility test for xylooligomer hydrolysates was also 
conducted (Fig. 4.). The xylan digestibility tests with enzyme loadings resulted in 69% and 
76% with 8,000 GXU of Multi-fect Xylanase per g-xylan in 72 h and 96 h of hydrolysis 
times.  
 
Fig. 4. Xylan digestibility of fractionated xylooligomer  
Note: (1) Fractionation conditions: 1st stage - 15% NH4OH solution (WNH3 =15%), 60 °C, 
solid : liquid ratio = 1:10, 24 h; 2nd stage - hot-water, 210 °C, 20 ml/min, 10 min. (2) 
Enzymatic hydrolysis: xylanase 8,000 GXU per g-glucan, 40˚C, pH 4.8 maintained by 0.05 
mol/l citrate buffer, 2.5 Hz. (3) The data points and bars in the graph show the mean value. 
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3.3. SSF 
With two-stage treated solid samples at various reaction conditions, SSF of treated 
solids was also performed using S. cerevisiae D5A, GC-220 cellulase, and Novozyme 188 β-
glucosidase. Fig. 5 presents ethanol and glucose concentration profiles in the SSF reaction. In 
these experiments with 3g glucan loadings on 100 ml of total liquid, the theoretical 
maximum ethanol yield based on initial glucose loading (100%) corresponded to 17.0 g/l in 
the SSF reactor. Second stage treatment with hot water at 210 °C and 20 ml/min for 10 min 
removed more lignin and xylan than the treatment with hot water at 170 °C and 10 ml/min 
for 10 min (Table 3), which seemed to be related with enhanced ethanol yield. The ethanol 
yields of the treated solids at all fractionation conditions reached 87-98% of the ethanol yield 
based on initial glucose loading (14.8-16.7 g/l) within 72 h. In the early phase of the SSF 
reactions, 83-97% of ethanol yields were achieved within 24 h, which is much faster than the 
48 - 96 h fermentation time typical of the current US corn-grain ethanol industry. 
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Fig. 5. SSF of two-stage fractionated corn stover  
Note. Fractionation conditions: 1st stage -15% NH4OH solution (WNH3 =15%), 60 °C, solid: 
liquid ratio = 1:10, 24 h; 2nd stage - hot-water, 170 - 210 °C, 10 - 20 ml/min, 10 min.  
 
4. Conclusions 
The model equations predicted by RSM indicated that both reaction temperature and 
flow rate were significant factors for xylan recovery, while only reaction temperature was 
significant factor for xylan purity in the second stage. The predicted value of xylose recovery 
yield using RSM was 52%, and the value of purity was 82% under the optimal reaction 
conditions respectively. From the statistical results, the model equations for xylose recovery 
yield and purity were significant. Experimental verification of the optimal reaction conditions 
showed similar values of xylose recovery yield and purity: 55% and 84% respectively.  
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Cellulase enzymes hydrolyzed two-stage treated solids into fermentable sugars 
effectively. Accordingly, high yields of ethanol fermentation were obtained using stable S. 
cerevisiae yeast (D5A). Xylooligomer hydrolysate obtained from two-stage fractionation was 
effectively hydrolyzed by xylanase enzyme.  
This study demonstrates optimization of a lignocellulosic biomass processing method 
that allows the production of ethanol from cellulose and the production of other value-added 
co-products from hemicelluloses sugars and lignin. 
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CHAPTER 4. ETHANOL AND FURFURAL PRODUCTION FROM CORN STOVER USING 
HYBRID FRACTIONATION PROCESS WITH ZINC CHLORIDE AND SIMULTANEOUS 
SACCHARIFICATION AND FERMENTATION (SSF) 
 
A paper published in the Journal of Process Biochemistry 
 
Chang Geun Yoo, Monlin Kuo, Tae Hyun Kim 
Abstract 
Two-stage hybrid fractionation process was investigated to produce cellulosic ethanol 
and furfural from corn stover. Zinc chloride (ZnCl2) was used to selectively solubilize 
hemicellulose in the first stage. During the second stage, the remaining treated solids were 
converted into ethanol using commercial cellulase and Saccharomyces cerevisiae or 
recombinant Escherichia coli, KO11. Hybrid fractionation process recovered 93.8% of 
glucan, 89.7% of xylan, 71.1% of arabinan, and 74.9% of lignin at optimal reaction 
conditions: 1st stage: 5% acidified ZnCl2, 7.5 ml/min, 150 °C (10 min) and 170 °C (10 min); 
2nd stage: Simultaneous saccharification and fermentation (SSF) using Saccharomyces 
cerevisiae. Furfural yield from hemicellulose hydrolysates was 58 %. The SSF of the treated 
solids resulted in 69-98 % of theoretical maximum ethanol yields based on glucan in the 
treated solids. After fermentation, the solid residues contained primarily lignin. Based on 
total lignin in untreated corn stover, the lignin recovery yield was 74.9%. 
 
Key words: biofuel; lignocellulose; thermal conversion; lignin; xylooligomer; furfural 
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1. Introduction 
Interest in lignocellulosic biomass as a resource of fuel ethanol has grown as 
conventional fuel prices rise [1, 2]. Ethanol production from lignocellulosic materials 
requires hydrolysis of carbohydrate polymers into monomeric sugars, which is typically 
performed with enzymes. In this bioconversion process the enzyme hydrolysis is one of the 
most costly unit operations [3]. Numerous efforts have been made to reduce the enzyme 
dosage and improve the fermentability of biomass. Pretreatments of lignocellulose using 
various alkaline or acidic reagents have been evaluated to improve accessibility of enzymes 
to the fiber [4]. Recently, fermentation of both cellulose and hemicellulose using 
recombinant strains has been introduced to produce ethanol effectively [5, 6]. However, the 
cost for production of ethanol from biomass is still economically unfavorable because 
simultaneous conversion of both cellulose and hemicellulose using simultaneous 
saccharification and co-fermentation (SSCF) has turned out to be problematic. The 
challenges in SSCF include the costs of enzymes need for hemicellulose hydrolysis, glucose 
inhibition of xylose uptake, and the low ethanol tolerance and poor stability of recombinant 
strains [7-11]. Therefore, independent utilization of these two carbohydrates may be more 
desirable. If lignocellulosic biomass can be effectively fractionated into cellulose, 
hemicellulose and lignin, it may be advantageous to improve overall efficiency of biomass 
utilization; for example, (1) cellulose-rich stream can easily be fermented, which can result in 
high ethanol concentration, and (2) hemicellulose and lignin can be used to produce value-
added co-products. In addition, lignin can be burned as a power plant fuel or boiler fuel, a 
feedstock for activated carbon [12], hydrocarbon fuel additive to gasoline [13], and other 
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applications such as binder, or emulsifier [14–16]. Cellulose and hemicellulose can be 
converted into ethanol, food, pharmaceutical products, and other chemicals [17-20].  
In this study, hybrid fractionation process using acidified ZnCl2, followed by 
simultaneous saccharification and fermentation (SSF), was used to achieve the fractionation 
of corn stover into cellulose, hemicellulose and lignin. Zinc chloride (ZnCl2) has many 
advantages for biomass fractionation and pretreatment; it is the most effective swelling 
inorganic chemical reagent for biomass [21]. Although it is not highly toxic to living cells, it 
is highly selective for hemicellulose hydrolysis [22]. Zinc ions can react with carbohydrates 
to form zinc-cellulose complexes, which are reactive to acid hydrolysis, and hydrolyze 
cellulose to low-degree of polymerization (DP) compounds such as cellodextrin, and 
hydrolyzes hemicellulose to monosaccharides [23, 24]. Zinc chloride can expose the 
crystalline cellulose core by separating hemicellulose from biomass [22, 23]. After ZnCl2 
treatment, most cellulose and lignin is retained in the solids and the cellulose can be then 
converted to ethanol by fermentation. Solubilized hemicellulose in the first stage can be 
converted to furfural at a high temperature. 
Furfural, which is an acid degradation product of xylose, has many applications; it 
can be used as a chemical intermediate in herbicides, solvent in the refining of lubricating oil 
and synthesis of pharmaceuticals, nylon, vegetable oil, plastic and rubber products [25-27]. It 
can be produced from hemicellulose-rich agricultural materials [26]. Hemicellulose can be 
hydrolyzed into monomeric C5 sugars and successively formed furfural by dehydration. 
These reactions are catalyzed by acid [28]. In this study, significant amounts of 
hemicellulose were hydrolyzed with acidified ZnCl2 solution. After this first fractionation 
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stage, the acidified hemicellulose hydrolysates can easily be converted into furfural without 
additional catalysts. After furfural recovery by distillation, the remaining acidified ZnCl2 
solution can be reused in the pretreatment step.  
In this article, the process conditions for effective fractionation and pretreatment are 
explored. Various effects on the compositional changes, enzyme digestibility, fermentability, 
recovery/utilization of each component, and other technical aspects related to development of 
process were reported.  
 
2. Materials and Methods 
2.1. Materials 
Corn stover was harvested from central Iowa in 2009 and air-dried at ambient 
temperature. The corn stover was ground and screened to a nominal size of 9-35 mesh. The 
initial composition of the corn stover, as determined by the NREL (National Renewable 
Energy Laboratory, Golden, CO) LAP (laboratory analytical procedure [29]), was 38.7 wt.% 
glucan, 23.3 wt.% xylan, 2.1 wt.% galactan, 4.5 wt.% arabinan, 17.1 wt.% lignin (acid 
insoluble + acid soluble), 1.5 wt.% sucrose, 1.2 wt.% ash, and 11.6 wt.% other extractives.  
Cellulase enzyme, GC 220 (Genencor International Inc., Lot No #301-04232-162) 
was provided by Genencor International. The average activity of cellulase (GC-220) 
provided by the manufacture was 45 filter paper unit (FPU)/ml and the protein content was 
184 mg/ml. GC-220 is also known to contain β-glucosidase activity (196 cellobiase unit 
(CBU)/ml) and xylanase activity (1526 unit/ml) [30]. Novozyme 188 (β-glucosidase) was 
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purchased from Sigma-Aldrich (Sigma Cat. #C-6150). Activity of β-glucosidase (Novozyme 
188) was measured [31], which was 750 CBU/ml and the protein content was 152 mg/ml.  
The microorganism used for simultaneous saccharification and fermentation (SSF) 
was Saccharomyces cerevisiae ATCC® 200062 (NREL-D5A). The growth media was YP 
medium, which contained 10 g/l yeast extract (Sigma cat. No. Y-0500) and 20 g/l peptone 
(Sigma cat. No. P-6588). For SSCF, recombinant Escherichia coli (KO11) ATCC® 55124 
was purchased from the American Type Culture Collection (ATCC). The E. coli KO11 is 
recombinant cells that highly express chromosomally-integrated heterologous genes enabling 
it to metabolize both 5 and 6 carbon sugars. LB medium (Sigma, Cat. # L-3152) which 
consisted of 10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl, supplemented with 40 mg/l 
chloramphenicol (Sigma, Cat. #C-0378) was used for the growth of E. coli KO11. The fluted 
filter paper (medium pore) used for filtration was purchased from Fisher Scientific (Cat. #09-
790-14F). 
 
2.2. Experimental setup and Operation 
The reaction and operating conditions are summarized in Fig. 1. 
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Fig. 1. Flow diagram of two-stage hybrid fractionation process. 
 
2.2.1. First stage: ZnCl2 treatment 
Flow-through reactor system for ZnCl2 treatment consists of SS-316 column reactor 
(2.3 cm internal diameter (ID) × 25.4 cm length (L), 104.3 cm3 of internal volume), a high 
performance liquid chromatography (HPLC) pump (Series II pump, Chrom Tech, Inc., MN), 
temperature-programmable GC (gas chromatography) oven (Hewlett Packard 5890, HP Inc., 
Ontario, Canada), solution reservoirs, and sample receiver tank (SS 304 cylinder, 1,000 ml of 
internal volume). A schematic diagram of the laboratory reactor set-up is shown in Fig. 2. 
For the ZnCl2 treatment, 5.0% ZnCl2 with 0.03% of HCl solution was used. Ten gram (oven-
dry basis) of air-dried corn stover was packed into the flow-through type reactor. The 
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preheating coil was filled with ZnCl2 solution by the HPLC pump with no heating, and the 
pump was turned off. To maintain the system pressure above the saturated pressure of the 
ZnCl2 solution, 300 psi of nitrogen backpressure was set to the reactor system. The reactor 
and preheating coil were preheated to a desired temperature by temperature-programmable 
GC oven for 15 min, and the acidified ZnCl2 solution was pumped into the reactor when it 
reached the target temperature. In this study, preheating time was not included in the reaction 
time. Zinc chloride fractionation was done in two-step: 5% acidified zinc chloride at various  
flow rate (5.0, 7.5, and 10.0 ml/min) was heated to 150 °C for 10 min in the first stage, 
followed by heating at 160-180 °C for 10 min in the second stage maintaining the same flow 
rate. After completion of the first step, temperature shifting was done within a 5 min period 
keeping the pump running. At the end of the run, the biomass in the flow-through reactor was 
washed with DI water to remove the residual sugars and ZnCl2. After completion of treatment, 
both remaining solid and liquid hydrolysates were subjected to composition analysis. Based 
on the results of the analysis, furfural production tests were conducted with fractionated 
liquid hydrolysates, and the enzymatic digestibility and fermentability were also tested with 
residual solids.  
 
2.2.2. Second stage: SSF/SSCF 
Simultaneous saccharification and fermentation (SSF) were conducted by using 
Saccharomyces cerevisiae ATCC® 200062 (NREL-D5A) and simultaneous saccharification 
and co-fermentation were performed by using recombinant Escherichia coli ATCC® 55124 
(KO11), with GC-220 cellulase enzyme and Novo 188 β-glucosidase enzyme with ZnCl2 
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treated corn stover. A 250 ml Erlenmeyer flask capped with rubber stoppers perforated with a 
syringe needle for CO2 venting was used as a bioreactor. It was shaken in the incubator 
shaker (Model E24, New Brunswick Scientific, Edison, NJ) at 37 °C and 150 rpm. Into a 100 
ml working volume of liquid, treated corn stover sample was introduced to reach 3% (w/v) 
glucan content in the reactor. The SSF/SSCF runs were performed with a buffer without 
external pH control, starting at pH 5.0/7.0 at the beginning of the fermentation and gradually 
decreasing to pH 4.5/6.0 at the end. The loading of cellulase enzyme (GC-220) was 15 
FPU/g-glucan and that of β-glucosidase (Novozyme 188) was 30 CBU/g-glucan. At the end 
of fermentation, liquid products and residual solids were separated by vacuum filtration. The 
filtered solids were collected for lignin balance tests. Liquid samples were taken and 
analyzed routinely until the fermentation process ended. The theoretical maximum ethanol 
concentrations for SSF were calculated on the basis of total glucan in treated solids. It was 
also calculated on the basis of total carbohydrates (glucan + xylan) in treated solids for SSCF. 
SSF and SSCF tests were performed based on 3.0 g-glucan/ 100 ml working volume in the 
flask.  
The ethanol yields in SSF/SSCF tests were calculated as follows: 
Theoretical maximum ethanol yield [%] = Ethanol produced [g] in reactorInitial sugar [g] in reactor × 0.511 × 100 
Note. Sugar is interpreted as glucose in the SSF results or glucose and xylose in the SSCF 
work. 
 
  81 
 
Fig. 2. ZnCl2 treatment laboratory reactor set-up. 
 
2.3. Furfural Production  
Hemicellulose hydrolysate was prepared in the ZnCl2 treatment, which was used for 
furfural production test. The treatment conditions were as follows: a 7.5 ml/min and two-step 
reaction (150 and 170 °C for 10 min at each step) with 5% acidified zinc chloride. The 
production of furfural was carried out in a batch reactor. The reactor (14.3 cm3 of internal 
volume) was constructed out of 16.5 cm (6.5 inch) of SS-316 tubing with an internal 
diameter of 1.1 cm (0.43 inch) ID. The tubes were sealed with 316 stainless steel caps 
(Swagelok, Cat. # SS-810-C). A temperature-programmable GC oven (Hewlett Packard 5890, 
HP Inc., Ontario, Canada) controlled the reaction temperature and high temperature molded 
transition junction style thermocouple probes (Omega.com®, Cat. # HJMTSS-125-6) was 
installed inside the reactor to monitor the reaction temperature.  
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The furfural production tests and furfural production experiments were conducted at 
three different reaction temperatures (150, 180, and 210 °C) for 10 to 180 min. In each 
experiment, 5.0 ml of hemicellulose hydrolysates (1.3 g/l glucan, 10.1 g/l xylan, and 1.4 g/l 
arabinan) were loaded in the batch reactor. The reactor was placed in a GC oven for 
preheating to the desired reaction temperature and kept with constant reaction temperature. 
The preheating step took 5 min and was not counted toward reaction time. After the reaction, 
the reactor was immediately submerged in the cold water to stop the reaction. The reacted 
liquid products were analyzed by HPLC to quantify sugars and furfural in the product.  
 
2.4. Enzymatic digestibility test 
The enzymatic digestibility of corn stover was determined in duplicate according to 
the NREL LAP [32]. The reaction conditions used for sample preparation were a 5% 
acidified ZnCl2 solvent with a 7.5 ml/min flow rate at 150 °C for 10 min and then 160-
180 °C for 10 min. The enzymatic digestibility test were conducted with a solid residue after 
ZnCl2 treatment at pH 4.8 (0.05 M sodium citrate buffer) in a 50 °C shaker bath agitated at 
150 rpm. For the enzymatic digestibility tests of the ZnCl2-treated corn stover, 15 FPU of 
GC-220/g of glucan supplemented and 30 CBU of β-glucosidase (Novozyme 188)/g-glucan 
were loaded. The initial glucan concentration was 1% (w/v) based on 100 ml of total liquid 
and solid.     
The 250 ml screw-capped Erlenmeyer flasks containing the enzyme hydrolysis 
preparations were placed in an incubator shaker (New Brunswick Scientific, Edison, NJ). 
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Samples were taken periodically (6, 12, 24, 48, 72 and 96 h) and analyzed for glucose and 
xylose content using HPLC. 
The glucan and xylan digestibilities were calculated as follows: 
Glucan digestibility = Total released glucose × 0.9Initial glucan loading × 100 
where 0.9 is the conversion factors of glucose to equivalent glucan. 
 
Xylan digestibility = Total released xylose × 0.88Initial xylan loading × 100 
where 0.88 is the conversion factors of xylose to equivalent xylan. 
 
2.5. Recovery yields of hemicellulose, lignin, and furfural  
To quantitatively evaluate the fractionation effects of various reaction conditions on 
each component (xylan and lignin), the recovery yield of each component were defined as 
follows: 
Xylan recovery yield (Rx) = Xylose × 0.88 + Xylan [g]in liquid hydrolysateXylan [g] in dry untreated corn stover × 100 
 
Lignin recovery yield (RL) = Lignin [g] in residual solid after SSFLignin [g] in dry untreated corn stover × 100 
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Two different samples were prepared to check the mass balance of lignin. The sample 
preparation conditions for lignin recovery tests were as follows: (1) 5% acidified ZnCl2, 7.5 
ml/min, 150 °C (10 min) and 160 °C (10 min) in the first stage; SSCF with E. coli KO11 in 
the second stage, (2) 5% acidified ZnCl2, 7.5 ml/min, 150 °C (10 min) and 170 °C (10 min) 
in the first stage; SSCF with E. coli KO11 in the second stage. 
The furfural production yield was defined as the ratio of the weight of furfural to the 
theoretical furfural yield that comes from the conversion of xylan and arabinan in 
hemicellulose hydrolysate. In this equation, the stoichiometric yield of furfural is 72.7% [33, 
34]. 
Furfural recovery yield (RF)= Furfural [g] produced from sugars in hemicellulose hydrolysate[(Xylan + Arabinan) × 0.7272 + Furfural] [g] in hemicellulose  hydrolysate × 100 
 
2.6. Analytical methods  
The solid samples, such as treated/ untreated corn stover, and residual solids after 
SSCF were analyzed for carbohydrates (sugars) and lignin following NREL LAP [29]. Each 
sample was analyzed in duplicate. Carbohydrates were determined by HPLC with a Bio-Rad 
Aminex HPX-87P column and a refractive index detector (Varian 356-LC, Varian, Inc., CA). 
The carbohydrates in the liquid samples were determined by secondary acid hydrolysis 
(conditions: 4% H2SO4, 121 °C, 1 h. For the fermentation and furfural tests, an HPX-87H 
column was used to measure the sugar, furfural and ethanol.  
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3. Results and discussion 
3.1. ZnCl2 treatment 
A lower temperature was applied to hydrolyze the majority of xylan and higher 
temperature was applied to hydrolyze the remaining xylan. The sugar yield with two-step 
temperature process was higher than that with uniform temperature process (data not shown). 
In the first series of experiments (Table 1), three different flow rates (5.0, 7.5, and 10.0 
ml/min) (0.25, 0.38, and 0.50 g-ZnCl2 /g-biomass, respectively) were tested at 170 °C for 10 
min to see the effects of flow rates on the compositions of solid and liquid. Table 1 shows 
that xylan and arabinan recovery yields in liquid generally increased, as flow rate increased, 
with the highest xylan and arabinan recovery yields (66.1% and 51.1% respectively) at 10.0 
ml/min. In addition to the treatment using 5.0 wt.% acidified ZnCl2, reaction using 0.03% 
HCl without ZnCl2 was initially tested at 150°C as a control (data not shown), which 
solubilized only 15% of xylan in corn stover. 
Although the highest yields were observed with 10.0 ml/min, xylan yield at 7.5 
ml/min gave almost same as the yield with 10.0 ml/min. The data also indicated that the first 
stage treatment at 10.0 ml/min also solubilized greater than 20% of lignin to liquid 
hydrolysates. This flow rate also hydrolyzed hemicellulose, which was present in higher 
amounts than in the reaction at 7.5 ml/min. Therefore, the 7.5 ml/min flow rate was selected 
for subsequent experiments because it can maximize xylan and arabinan recovery with 
minimal contaminations of lignin. 
In the second series (Table 2), the ZnCl2 treatments were tested with three different 
second step reaction times (5, 10, and 15 min) at a 7.5 ml/min flow rate at 170 °C, while 
keeping the reaction conditions of the first step at 150 °C and 7.5 ml/min for 10 min. Overall, 
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the hemicellulose recovery yields increased as the reaction time increased from 5 min to 15 
min. The highest hemicellulose recovery was achieved with a 10-15 min of reaction time in 
the second step. The xylan and arabinan recovery yields for 10 min and 15 min treatments 
were approximately the same, and the difference between the two reaction times was only < 
2%. However, the total liquid throughput of the 15 min treatment was 1.5 times higher than 
that of the 10 min treatment in the second step. Moreover, more lignin (>7.0%) was 
solubilized during the longer treatment. It was anticipated that two factors, liquid throughput 
and lignin contamination, would significantly affect on the overall process cost. 
Consequently, 10 min was selected as the best reaction time in the second step of ZnCl2 
treatments.  
 
Table 1. Effect of flow rate on the compositions in the single stage ZnCl2 treatment a 
Flow rate 
  
[ml/min] 
  Solid    Liquid 
  SR b Glucan Xylan Lignin c Arabinan   Glucan Xylan Arabinan 
 
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] 
 
[wt.%] [wt.%] [wt.%] 
Untreated   100.0 38.7 23.3 17.1 4.5   - - - 
5.0  
 
56.7  36.7  11.0  15.4  2.3  
 
2.4  12.1  1.5  
7.5  
 
55.4  36.1  7.7  14.5  1.9  
 
2.5  15.2  1.7  
10.0    52.9  35.5  7.4  13.6  1.3    2.8  15.4  2.3  
 
Note: The data in the table show the mean value (n=2, SD < 0.3, glucan, xylan, arabinan, and 
lignin in solid and liquid, SD: standard deviation). 
a Data in the table are based on the oven-dry untreated biomass. Fractionation conditions: 5 
wt.% of ZnCl2, 170 °C, 5.0-10.0 ml/min, 10 min 
b SR stands for solid remaining after reaction 
c Acid insoluble lignin + Acid soluble lignin 
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Table 2. Effect of reaction time in the second stage on the compositions in the ZnCl2 
treatment a 
Reaction time 
 
[min] 
  Solid           Liquid     
  
SR b Glucan Xylan Lignin c Arabinan 
  
Glucan Xylan Arabinan 
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] 
Untreated  100.0 38.7 23.3 17.1 4.5  - - - 
5  52.2 36.7 2.4 12.9 0.2  2.7  18.5  2.7  
10  51.5 36.3 2.9 12.8 0.2  3.2  20.9  3.2  
15   47.6 35.2 1.7 11.7 0.0   3.3  20.8  3.3  
 
Note: The data in the table show the mean value (n=2, SD < 0.2, glucan, xylan, arabinan, and 
lignin in solid and liquid, SD: standard deviation). 
a Data in the table are based on the oven-dry untreated biomass. Fractionation conditions: 5 
wt.% of ZnCl2, 150 °C, 7.5 ml/min, 10 min in the first step; 5 wt.% of ZnCl2, 170 °C, 7.5 
ml/min, 5-15 min in the second step 
b See notes b in Table 1. 
c See notes c in Table 1. 
 
From the above results, 7.5 ml/min and 10 min reaction time were selected as flow 
rate and ZnCl2 treatment time at the second step. To seek the best treatment temperature in 
the second step, four different reaction temperatures (150–180 °C) were applied in the second 
step of ZnCl2 treatment while keeping the other reaction conditions constant (7.5 ml/min for 
10 min) (Table 3). The reaction temperature in the first step of ZnCl2 was maintained at 
150 °C. Xylan and arabinan recovery yields in the liquid products by ZnCl2 treatments 
increased as the reaction temperature increased between 150 °C and 170 °C. The xylan and 
arabinan recovery yields at 150 °C (1st step) and 170 °C (2nd step) were 89.7%, and 71.1%, 
respectively. This trend changed in 170-180 °C range (Table 3). As the temperature increased 
above 170 °C, the xylan and arabinan recovery in liquid decreased. This decreased recovery 
may be due to the degradation of hydrolyzed hemicellulose during treatment at higher 
temperature [22]. Therefore, 170 °C was selected as an optimum temperature. More glucan 
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and lignin were also released as reaction temperature increased, but >93% of glucan, and >75% 
of lignin were still retained in the solids at all tested temperatures. Our test results indicated 
that under the various treatment conditions, ZnCl2 treatment were highly selective for 
hemicellulose solubilization, whereas other components, glucan and lignin were well 
preserved with solids.  
Dilute sulfuric acid pretreatment was also reported to be effective method for 
hemicellulose recovery. When compared to dilute acid method [35, 36], ZnCl2 treatment 
resulted in less contamination of hemicellulose hydrolysates by soluble lignin. The ZnCl2 
method and the dilute sulfuric acid method solubilized approximately 25% of lignin with 6% 
glucan contamination, and 29-45% of lignin with 10-15% of glucan contamination, 
respectively.  
Table 3. Effect of second stage reaction temperature on the compositions in the ZnCl2 
treatment a 
Reaction temp. 
 
[°C] 
  Solid           Liquid     
  
SR b Glucan Xylan Lignin
 
c Arabinan   
Glucan Xylan Arabinan 
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] 
Untreated  100 38.7 23.3 17.1 4.5  - - - 
150  58.7 36.0 6.5 15.0 1.4  2.3 16.6 2.8 
160  56.6 36.4 3.8 12.9 0.3  2.9  20.1  3.0  
170  51.5 36.3 2.9 12.8 0.2  3.2  20.9  3.2  
180   52.7 36.0 1.8 12.9 0.0   3.4  18.5  3.1  
Note: The data in the table show the mean value (n=2, SD < 0.3, glucan, xylan, arabinan, and 
lignin in solid and liquid, SD: standard deviation). 
a Data in the table are based on the oven-dry untreated biomass. Fractionation conditions: 5 
wt.% of ZnCl2, 150 °C, 7.5 ml/min, 10 min in the first step; 5 wt.% of ZnCl2, 150-180 °C, 
7.5 ml/min, 10 min in the second step 
b See notes b in Table 1. 
c See notes c in Table 1. 
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3.2. Enzymatic hydrolysis and SSF/SSCF of ZnCl2 treated solids 
Enzymatic digestibility tests for both glucan and xylan were also conducted with the 
remaining solid after two-step ZnCl2 fractionation using cellulase enzyme (GC-220) and β-
glucosidase enzymes (Novozyme 188). The enzymatic digestibility of ZnCl2 fractionated 
corn stover is shown in Fig. 3. Both glucan and xylan digestibility increased as the treatment 
temperature in the second step increased. The 72-h glucan digestibilities of ZnCl2 treated 
solids reached 85-100%, and 72-h xylan digestibilities of 170-180 °C treated samples were in 
the range of 91-100%. Within 24-h, 97% of glucan and xylan digestibilities were achieved 
with 180 °C treated biomass. 
SSF tests of ZnCl2 treated solids were conducted using cellulase, β-glucosidase, and S. 
cerevisiae D5A strains. SSCF tests of ZnCl2 treated solids were also conducted using same 
enzymes with E. coli KO11 strains. These ethanol concentration profiles of both SSF and 
SSCF reactors are shown in Fig. 4. The theoretical maximum ethanol yield (100%) 
corresponded to 17.0 g/l with 3% w/v glucan loading in the SSF tests. On the other hands, in 
the SSCF test with 3.0 g of glucan and 0.2-0.3 g of xylan loadings (see the Materials and 
Methods section), the theoretical maximum ethanol concentrations were 18.8 g/l and 18.2 g/l, 
respectively. Fig. 4 presents ethanol concentrations during the SSF and SSCF reaction time. 
The maximum ethanol concentrations in SSF process reached at 12.0, 14.5, and 16.8 g/l with 
different treated biomass (Fig.4a). In other words, 70% and 98% of theoretical maximum 
ethanol yield were obtained based on glucan in the treated corn stover. At 24-h, the ethanol 
yield of the treated samples reached 70 to 90%. The ZnCl2 treatment typically produced 
glucan-rich solid cakes after 1st stage fractionation, which contained 65-75 wt.% of glucan in 
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the treated solids. This is desirable to implement high solid fermentation because higher 
ethanol concentration in the fermentor is possible.  
(a) Glucan digestibilities of ZnCl2 treated corn stover 
 
(b) Xylan digestibilities of ZnCl2 treated corn stover 
 
Fig. 3. Enzymatic digestibility of ZnCl2 treated corn stover: (a) Glucan digestibility and (b) 
Xylan digestibility of ZnCl2 treated corn stover 
Note: treatment conditions: 5 wt.% of ZnCl2, 150 °C, 7.5ml/min, 10 min in the first step; 5 
wt.% of ZnCl2, 160-180 °C, 7.5 ml/min, 10 min in the second step; enzymatic hydrolysis 
conditions: 15 FPU of GC 220 / g-glucan and 30 CBU of Novozyme 188 / g-glucan, pH 4.8, 
50 °C, 150 rpm 
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In the SSCF test using E. coli KO11 and 3% glucan loading, 14.9 g/l and 15.6 g/l 
ethanol concentrations were obtained with 150 °C-160 °C- treated solid and 150 °C-170 °C- 
treated solid, respectively (Fig.4b). In other words, 79% and 86% of theoretical maximum 
ethanol yield were obtained based on glucan and xylan in the treated corn stover. With 
treated corn stover in the same treatment conditions (150 °C-170 °C), both SSF and SSCF 
process have similar ethanol yield (85% in SSF, and 86% in SSCF).   
 
(a) SSF of ZnCl2 treated corn stover with S. cerevisiae 
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(b) SSCF of ZnCl2 treated corn stover with E.coli KO11 
 
Fig. 4. SSF (a) and SSCF (b) of ZnCl2 treated corn stover with S. cerevisiae and E.coli KO11.  
Note: Microorganisms: Saccharomyces cerevisiae ATCC® 200062 for SSF, Recombinant 
Escherichia. coli KO11 (ATCC® 55124) for SSCF; substrate: 3% w/v glucan loading/100ml 
working volume; ZnCl2 treated corn stover (see the treatment conditions in Fig. 3); 15 FPU 
of GC 220 / g-glucan and 30 CBU of Novozyme 188 / g-glucan; YP medium for SSF, LB 
medium for SSCF; anaerobic condition; 37 °C, 150 rpm 
 
3.3. Furfural production from hemicellulose hydrolysates 
Most of the xylan and arabinan were solubilized into the hydrolysate during ZnCl2 
treatment in the first stage. In this process, acidified ZnCl2 was used as the solvent and the 
hydrolysates already contained 0.03 % HCl; therefore, no additional catalyst was added.  
Fig. 5 shows xylose and arabinose concentrations in the liquid products at various 
reaction temperatures. As shown in Fig. 5a, the xylan concentration increased between 10 
min and 30 min of reaction, and then it decreased as the reaction time increased. It was 
speculated that between 10 min and 30 min, the reaction rate of xylose conversion from the 
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xylooligomer was faster than that of the furfural conversion from xylose. As the xylose and 
arabinose concentrations dropped, the furfural concentration increased and reached its 
highest concentration (4.2 g/l) at approximately 120 minutes (Fig. 5a). The highest furfural 
conversion yield at each reaction temperature was from 54 to 58%. At 180 °C and 210 °C, 
the furfural conversion occurred within 10 min of reaction, which was much faster than at 
150 °C (Fig. 5b and c). However, the furfural concentration was observed to reach a 
maximum, and then the concentration gradually decreased. This decrease was because the 
monomeric C5 sugars were fully degraded to furfural, and if they were exposed to high 
temperature again, further degradation could lead to the formation of other products such as 
levulinic acid, formaldehydes, furan, and formic acids [25, 34]. Similar converting patterns 
were observed at all treatment temperatures, while the reaction time to obtain the highest 
furfural concentration was different at each reaction temperature (150, 180, and 210 °C). The 
highest furfural conversion yields at the three different temperatures were 71.4%, 71.6%, and 
56.2%, respectively. According to the results, the furfural loss at 150 and 180 °C were almost 
the same, while more furfural loss was observed at 210 °C. 
 
3.4. Lignin mass balance  
The hybrid fractionation process produced a solid cake which contained glucan and 
lignin. Therefore, the remaining solid after fermentation was expected to be mostly lignin. 
Two different samples (150 °C-160 °C-treated biomass and 150 °C-170 °C-treated biomass) 
were used for lignin recovery tests. The residual solids of SSF tests were filtered by vacuum 
filtration, and analyzed for the amounts of lignin recovered in a solid form. In the first stage 
fractionation, 75.4% and 74.9% of lignin were retained in the prepared biomass, respectively 
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(Table 3). The analysis of the composition of the residual solids after fermentation shows that 
>99% of lignin in the ZnCl2-treated solid samples was recovered. This recovery indicated 
that the lignin in this hybrid process could easily be recovered by simple filtration without a 
complicated separation method. 
(a) Furfural, xylose, and arabinose concentrations at 150 °C 
 
 
 (b) Furfural, xylose, and arabinose concentrations at 180 °C 
 
0.0  
0.5  
1.0  
1.5  
2.0  
2.5  
3.0  
3.5  
4.0  
4.5  
0 20 40 60 80 100 120 140 160 180 
C
on
ce
nt
ra
tio
n 
[g
/L
] 
Reaction time [min] 
Xylose 
Arabinose 
Furfural 
0.0  
0.5  
1.0  
1.5  
2.0  
2.5  
3.0  
3.5  
4.0  
4.5  
0 20 40 60 80 100 120 140 160 180 
C
on
ce
nt
ra
tio
n 
[g
/L
] 
Reaction time [min] 
Xylose 
Arabinose 
Furfural 
  95 
(c) Furfural, xylose, and arabinose concentrations at 210 °C 
 
Fig. 5. Furfural production from hemicellulose hydrolysate at different reaction temperatures  
Note: sample preparation conditions: 5 wt.% of ZnCl2, 150 °C, 7.5 ml/min, 10 min in the first 
step; 5 wt.% of ZnCl2, 170 °C, 7.5 ml/min, 10 min in the second step; treatment conditions: 
(a) 150 °C, (b) 180 °C, and (c) 210 °C, 10-180 min; the data points in the graph show the 
mean value (SD<0.3, n=1 for (a) and (c), n=2 for (b)).  
 
Fig. 6 represents the overall mass balance in the hybrid fractionation of corn stover 
using ZnCl2 followed by SSF under optimal fractionation conditions (shown in the figure). 
With 1.0 kg of corn stover, the hybrid fractionation process could produce 0.18 kg ethanol, 
0.14 kg furfural, 0.13 kg lignin, and 0.17 kg carbon dioxide. Because most of the cellulose 
was retained in the solid and approximately 90% of the hemicellulose was removed after 
ZnCl2 treatment, cellulose-rich solid could be converted into ethanol by SSF with 
conventional yeast. This may be beneficial because of the simplicity of glucose fermentation 
with conventional yeast compared to the SSCF of C5 and C6 sugars with recombinant strains. 
Moreover, furfural and lignin can be produced as platform chemicals and potential high-
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value co-products. Ethanol ($0.60/kg) is a commodity chemical with small profit margin 
whereas furfural price is $1.0/kg [37, 38]; therefore, the potential extra value-added 
chemicals can be produced by the utilization of hemicellulose and lignin in lignocellulosic 
biomass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Overall mass balance of hybrid fractionation of corn stover using ZnCl2 and 
simultaneous saccharification and fermentation (SSF) 
Note: treatment conditions; see Fig. 5. ; SSF conditions; see Fig. 4. 
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4. Conclusions 
The Fractionation of corn stover using the hybrid process described here was highly 
effective in separating the three components of biomass (cellulose, hemicellulose, and lignin). 
ZnCl2 treatment enhanced the enzymatic digestibilities for both cellulose and hemicellulose 
in the treated solids. The celluloses in treated solids were effectively converted into ethanol 
with maximum 70-98% of theoretical maximum ethanol yield. The hemicellulose in the 
liquid hydrolysates was used as a source of furfural production with maximum 58% of 
furfural yield. This process is expected that this process can improve the utilization of 
biomass significantly due to the efficient recovery yield of each component and following 
simple process for hemicellulose application.  
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CHAPTER 5. PRETREATMENT OF CORN STOVER USING LOW-MOISTURE 
ANHYDROUS AMMONIA (LMAA) PROCESS 
 
A paper published in the Journal of Bioresource Technology 
 
Chang Geun Yoo, Nhuan P. Nghiem, Kevin, B. Hicks, Tae Hyun Kim 
 
Abstract 
A simple pretreatment method using anhydrous ammonia was developed to 
minimize water and ammonia inputs for cellulosic ethanol production, termed the low 
moisture anhydrous ammonia (LMAA) pretreatment. In this method, corn stover with 30-70% 
moisture was contacted with anhydrous ammonia in a reactor under nearly ambient 
conditions. After the ammoniation step, biomass was subjected to a simple pretreatment step 
at moderate temperatures (40-120°C) for 48-144 h. Pretreated biomass was saccharified and 
fermented without an additional washing step. With 3% glucan loading of LMAA-treated 
corn stover under best treatment conditions (0.1 g-ammonia + 1.0 g-water per g biomass, 
80 °C, and 84 h), simultaneous saccharification and cofermentation resulted in 24.9 g/l (89% 
of theoretical ethanol yield based on glucan + xylan in corn stover).  
 
Key words: Ammoniation; Lignocellulosic Biomass; Xylanase; Ethanol; Simultaneous 
saccharification and cofermentation (SSCF); Pretreatment  
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1. Introduction 
Lignocellulosic biomass is most available potential feedstocks for production of bio-
ethanol, which is currently the most widely used liquid biofuel alternative to fossil fuels 
(Demirbas, 2004). Lignocellulosic biomass consists primarily of three different types of 
polymers, cellulose, hemicellulose and lignin, which are tightly associated with each other 
(Fengel and Wegener, 1984; Hendriks and Zeeman, 2009). The lignin-hemicellulose 
association shields the cell wall polysaccharides from enzyme hydrolysis, and thus a 
pretreatment process is required to permit saccharification. In the past several decades, 
various pretreatment methods have been suggested to enhance the enzymatic digestibility and 
fermentability of lignocellulosic biomass (Chang et al., 1998; Holtzapple, et al., 1992; Laser 
et al., 2002; Yang and Wyman, 2004; Kim and Lee, 2005; Mosier et al., 2005; Teixeira et al., 
1999; Zhu et al., 2004). Although a few of them may be effective, several cost barriers which 
prohibit scale-up exist including high chemical input and excessive water use (Yang and 
Wyman, 2008; Zheng et al., 2009).  
Ammonia is one of the most effective pretreatment reagents because of its many 
useful properties, which include delignification effect (Kim and Lee, 2005; Streeter and Horn, 
1982), swelling effect (Bariska, 1975; Dale, 1986; Foster et al., 2001; Holtzapple et al., 1992; 
Mosier et al., 2005), and high preservation of cellulose and hemicellulose (Kim and Lee, 
2007). From the previous studies, it was reported that ammonia caused swelling of cellulose 
structure and ammoniation prevents methoxyl groups on lignin from adsorbing cellulases, 
thus it enhanced the enzyme hydrolysis rates of lignocellulosic biomass and yields of 
fermentable sugars (Kawamoto et al., 1992; Sewalt et al., 1997). In addition, the 
antimicrobial effect of ammoniating allowed long-term storage of biomass with minimal 
  103 
biodegradation of carbohydrates (Tajkarimi et al., 2008). In our group, various types of 
ammonia pretreatments have been investigated, which could achieve high enzymatic 
digestibility (Kim et al., 2003; Kim and Lee, 2005, 2007; Li and Kim, 2011). 
Although ammonia pretreatments are effective in improving the applications of 
biomass, there are still some economical issues with high water and chemical consumption. 
Table 1 summarizes the chemical and water consumptions in various ammonia pretreatment 
methods and the maximum ethanol yield at optimal pretreatment conditions. Ammonia 
recycle percolation (ARP) needed relatively low amounts of liquids (0.5 g ammonia/g 
biomass and 2.8 g water/g biomass) (Table 1), and gave effective delignification (70-90 %). 
However, significant amounts of xylan (~50 %) were removed during the pretreatment. 
Moreover, the reaction temperature was relatively high (170-210°C) and additional energy 
was consumed to recover and reuse the ammonia and water in the process (Kim et al., 2006). 
Soaking in aqueous ammonia (SAA) was developed to alleviate these problems (Kim and 
Lee, 2005, 2007). It was tested at both ambient and moderate temperatures. The SAA was a 
low-severity process, so high ethanol yields (70-72 %) were achieved with lower energy 
consumption. However, ammonia and water consumptions were much larger than ARP 
(Table 1). Recently, Li and Kim (2011) developed low liquid ammonia (LLA) process to 
significantly reduce the liquid throughput. This process gave a similar ethanol yield (70 %) 
as that of SAA but using much less amounts of liquids (0.5 g ammonia/g biomass and 1.5 g 
water/g biomass). However, all of the aforementioned methods require an additional washing 
step to remove and recover the ammonia still associated with the biomass after pretreatment. 
From the previous study, the amounts of washing water required were 17.2 ml/g biomass for 
SAA-treated biomass and 20.9 ml/g biomass for LLA-treated biomass. For this reason, the 
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actual water consumptions of these processes are much higher than the numbers presented in 
Table 1.  
 
Table 1 
Chemical and water inputs in various ammonia pretreatment methods and their maximum 
ethanol yields. 
 
Methods Reaction conditions 
Ammonia 
input 
Water 
input1 
Maximum 
ethanol yield & 
concentration2 
[g/g-
biomass] 
[g/g-
biomass] [%] ([g/l]) 
ARP3 170 °C, 10 min, 3.3 g-liquid/g-solid, 15 wt.% NH3 
0.5 2.8 71 (19.4) 
SAA4 at room 
temp. 
Ambient temp., 10 days, 8.0 
g-liquid/g-solid, 29.5 wt.% 
NH3 
2.4 5.6 72 (19.8) 
SAA5 at 
moderate temp. 
60 °C, 12 h, 6.0 g-liquid/g-
solid, 15 wt.% NH3 
0.9 5.1 70 (19.2) 
LLA6 30 °C, 4 week, 2.0 g-liquid/g-solid, 50 wt.% NH3 
0.5 1.5 70 (19.2) 
LMAA7 80 °C, 84-96 h, 50-70% MC 0.1 1.0 - 2.3 89-91 (24.9-25.1) 
 
Note:  
1. Water input does not include washing water. 
2. Maximum ethanol yield and concentration are based on the optimal reaction 
conditions; ethanol yields are calculated based on total glucan and xylan in untreated 
corn stover. 
3. ARP: Ammonia recycle percolation (Kim et al., 2006) 
4. SAA: Soaking in aqueous ammonia (Kim and Lee, 2005) 
5. SAA: Soaking in aqueous ammonia (Kim and Lee, 2007) 
6. 6. LLA: Low liquid ammonia (Li and Kim, 2011) 
7. 7. LMAA: Low moisture anhydrous ammonia 
 
In order to eliminate the additional water washing step and to improve the cost-
effectiveness of ammonia pretreatment processes, the low moisture anhydrous ammonia 
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pretreatment (LMAA) method was developed. The main objective of this study was to design 
an effective pretreatment process with anhydrous ammonia that can significantly reduce 
energy input and ammonia consumption. Pretreatment of biomass with low moisture using 
gaseous ammonia leads to short exposure time and can be carried out under ambient 
conditions, therefore, low capital costs are projected. In addition, it has been speculated that 
ammoniation can also supply assimilable nitrogen (up to 1.2 weight percent (wt.%) of dry 
biomass) for microbial growth in the fermentor using the treated biomass as substrate (Taylor 
et al., 2008).  
In this study, various pretreatment conditions for the LMAA method were explored. 
Among the various reaction conditions, reaction time and temperature were optimized to 
maximize the ethanol yield in the subsequent fermentation. To establish the correlation 
between these factors and ethanol yield, response surface methodology was applied. The 
effects of xylanase and residual ammonia on the SSCF of LMAA-treated biomass were also 
investigated. 
  
2. Methods 
2.1. Materials 
2.1.1. Feedstock 
Corn stover was harvested from central Iowa in 2009 and air-dried at ambient 
temperature. The corn stover was ground and screened to a nominal size of 9-35 mesh. The 
composition of the corn stover was 38.7 wt.% glucan, 23.3 wt.% xylan, 2.1 wt.% galactan, 
4.5 wt.% arabinan, 17.1 wt.% lignin (acid insoluble + acid soluble), 1.5 wt.% sucrose, 1.2 wt.% 
  106 
ash, and 11.6 wt.% other extractives. The procedure for compositional analysis is described 
in the Analytical section.  
 
2.1.2. Enzymes 
Cellulase GC 220 (Lot #301-04232-162) and Multifect-xylanase (Lot #301-04021-
015) were provided by Genencor, a Danisco Division. The average activities of cellulase 
(GC-220) and xylanase (Multifect) were 45 filter paper unit (FPU)/ml and 8000 Genencor 
xylanase unit (GXU)/ml, respectively. The β-glucosidase enzyme, Novozyme 188 (Novo Inc., 
Lot #11K1088), was purchased from Sigma-Aldrich (St. Louis, MO). Activity of Novozyme 
188 was 750 cellobiase units (CBU)/ml.  
 
2.1.3. Microorganism 
Recombinant E. coli KO11 (ATCC_ 55124) was purchased from the American Type 
Culture Collection (ATCC) and used for the simultaneous saccharification and 
cofermentation (SSCF) experiments. E. coli KO11 was maintained on LB (Luria–Bertani) 
solid medium (Sigma, Cat. #L-3152) which consisted of 5 g/l yeast extract, 10 g/l tryptone, 
and 5 g/l NaCl, supplemented with 15 g/l agar (Sigma Cat. #B0128234), 2 g/L dextrose 
(Fisher Cat. #D16), and 40 mg/l chloramphenicol (Sigma Cat. #C-0378). The culture was 
transferred monthly. To prepare the plates, the media were autoclaved at 121 °C for 15 min 
and allowed to cool to about 50 °C. Dextrose and chloramphenicol then were added and the 
media were poured onto the plates and allowed to solidify. The plates were kept refrigerated 
at 4 °C.  
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2.2. Experimental setup and Operation 
2.2.1. Moisturization 
The moisture content of air-dried corn stover was ~8%. In order to adjust the moisture 
content of corn stover to the various target levels (30, 50, and 70 wt.%), additional water was 
added and the corn stover was steeped for 24 h. Each sample was ammoniated, pretreated, 
and dried under same conditions. Residual ammonia content in each sample was measured 
and then the SSCF was conducted. 
 
 
Fig. 1. Schematic of laboratory ammoniation system. 
 
2.2.2. Ammoniation 
Steeped corn stover was placed in the sealed batch reactor (2.9 inch (8.1 cm) internal 
diameter x 6.5 inch (18.5 cm) length, 690 ml internal volume). An ammonia gas cylinder 
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with single stage gas regulator was connected to the bottom of the reactor (Fig. 1). The top of 
the reactor was attached to a fume hood for ventilation of ammonia. The reactor top was 
equipped with a pressure gauge and temperature probe (Fig. 1). After packing the corn stover 
in the reactor, the reactor was purged with ammonia gas for 10 s. The connection to the vent 
was closed, and system pressure was monitored and maintained below 10 psig. Temperature 
was not controlled during ammoniation, but temperature increase (~70°C) was observed due 
to the exothermic reaction. Then, 10 minutes later, the valve at the top of the reactor was 
opened to the atmosphere inside fume hood. After ammoniation, the corn stover was 
transferred to a plastic container, mixed, and weighed. One-two gram of biomass was used 
for residual ammonia analysis using an ammonia/nitrate analyzer and the remainder was 
subjected to the second next reaction (pretreatment). The procedure for ammonia analysis is 
described in the Analytical section. 
 
2.2.3. Pretreatment 
Ammoniated corn stover was packed into a smaller sealed batch reactor (0.93 inch 
(2.7 cm) × 6 inch (17.1 cm) length, 67 ml of internal volume). Then, the reactor was placed 
in the convection heating oven for 1 h-168 h. Various pretreatment temperatures (40-120°C) 
were tested. After the pretreatment was complete, the reactor was cooled down, opened, and 
then the treated corn stover was transferred into a plastic container with a tight lid. One-two 
gram sample of biomass was used for residual ammonia analysis and the rest was subjected 
to evaporation. 
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2.2.4. Evaporation 
Evaporation of excess ammonia was conducted in the fume hood. Treated corn stover 
was dried in the air for 12 h. The moisture level of the treated sample was carefully 
monitored and drying was stopped if it was less than 30% because over-drying can cause the 
collapse of the pretreated biomass structure, which may affect the enzyme hydrolysis of the 
biomass (Esteghlalian et al., 2001). One-two gram of biomass was used for residual ammonia 
analysis and the remainder was subjected to the SSCF test.  
 
2.3. Simultaneous saccharification and co-fermentation (SSCF)  
Single colonies of E. coli KO11 on LB solid medium were used to inoculate 50 mL 
sterile LB medium supplemented with 20 g/l glucose in 250-mL flasks. The inoculated flasks 
were incubated at 37 °C and 150 rpm in the incubator shaker (Excella E24, New Brunswick 
Scientific, Edison, NJ) for 10–14 h (NREL, 2008). When the glucose concentration dropped 
below 2 g/L, the cells were harvested by centrifugation (IEC MODEL HN-S Centrifuge) at 
2000 rpm (605g) for 5 min. The supernatant was removed, and the cell pellets were re-
suspended in 5 mL of sterile DI water. The cells harvested from two flasks were combined 
(10 mL) and used as the inoculum for the experimental flasks.  
Simultaneous saccharification and co-fermentation was performed using E. coli 
KO11 (ATCC® 55124) with GC-220 cellulase, Novo 188 β-glucosidase, Multifect xylanase, 
and LMAA-treated corn stover. All SSCF experiments were performed in 250 ml 
Erlenmeyer flasks, which were placed in an incubator shaker (Model E24, New Brunswick 
Scientific, Edison, NJ) maintained at 37 °C and 150 rpm. Each flask contained 50 ml 
fermentation medium. The treated corn stover was added to the flasks to give 3% (w/v) 
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glucan content. The SSCF experiments were performed without external pH control, starting 
at pH 7.0 at the beginning of the fermentation and gradually decreasing to pH 6.0 at the end. 
The enzyme loadings were 15 FPU/g glucan of cellulase, 30 CBU/g glucan of β-glucosidase, 
and 1,000 GXU/g glucan of xylanase. At the end of the fermentation, liquid products and 
residual solids were separated by vacuum filtration. Liquid samples were taken and analyzed 
routinely until the fermentation process ended. The theoretical maximum ethanol 
concentrations for the SSCF were calculated on the basis of total carbohydrates (glucan + 
xylan) in the treated solids. The ethanol yields in the SSCF tests were calculated as follows: 
Theoretical maximum ethanol yield(%) = Ethanol produced (g) in reactorInitial sugar (g) in reactor X 0.511 X100 
The initial sugar in the above equation included glucose and xylose that would be produced 
by complete hydrolysis of glucan and xylan in the untreated corn stover used in each SSCF 
experiment.  
 
2.4. Analytical methods  
2.4.1. Compositional analysis 
Untreated and pretreated corn stover was analyzed for carbohydrates (sugars) and 
lignin following the NREL LAP (NREL, 2008). Each sample was analyzed in duplicate. 
Carbohydrates were determined by HPLC with a Bio-Rad Aminex HPX-87P column and a 
refractive index detector (Varian 356-LC, Varian, Inc., CA). For the fermentation samples, 
an HPX-87H column was used to measure the sugars and ethanol.  
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2.4.2. Ammonia analysis  
To measure residual ammonia in the ammoniated solid samples, each ammoniated 
solid sample (0.3g) was placed in a screw-cap glass bottle (80 ml volume) with 30 g of 1.0 
wt % boric acid solution. The glass bottles containing ammoniated biomass were capped and 
placed in an oven at 80°C for 24 h, where the biomass swelled and released the absorbed 
ammonia in to the liquid phase. At the completion of this step, these bottles were cooled 
down, opened, and liquid samples were separated from the residual solids by filtration with 
fluted filter paper (Fisher, Cat. #09-790-2C). Ammonium ion concentration in the buffer 
solution in each bottle was then determined by an ammonia analyzer (TL-200, Timberline 
Instrument LLC., Boulder, CO). This instrument is based on the diffusion-conductivity 
method (Carlson, 1978). Ammonium ion in the liquid samples is first dissolved in a strong 
base solution (5% NaOH). This solution passes through a membrane which is permeable to 
gases but not to liquids, and ammonia passing through the membrane is dissolved in a buffer 
solution (200 ppm of boric acid). A temperature-controlled conductivity cell measures the 
change in electrical conductance of the absorbing solution, which is proportional to the 
concentration of ammonium ion in the sample.  
Measurement of residual ammonia in each sample was performed in triplicate. The 
results of ammonia analysis were monitored, stored, and analyzed using PeakSimple 
Chromatography Data system (SRI 203, SRI instruments, Menlo Park, CA) with the 
associated software. To convert the measured conductivity into ammonium ion concentration, 
a calibration curve was established using four different standard solutions ranging from 20 to 
200 ppm of ammonium ion. Samples containing ammonium ion concentrations outside the 
range of the standard curve were diluted as necessary before measurement. 
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Table 2 
Experimental design and results of the central composite design. 
Run # 
Variables    Response 
(A) Reaction Time 
[hour] 
(B) Reaction Temp.  
[°C]   
(Y) Ethanol production 
a  [g/l] 
1 -1.5 0  17.1 
2 -1 1  24.3 
3 -1 1  23.4 
4 -1 -1  16.4 
5 -1 -1  14.0 
6 -1 1  24.5 
7 0 -1.5  13.0 
8 0 0  25.1 
9 0 0  23.3 
10 0 1.5  24.3 
11 1 1  22.0 
12 1 1  22.0 
13 1 -1  16.9 
14 1 -1  18.5 
15 1.5 0   21.2 
 
a Ethanol concentration measured at 120 h of fermentation 
 
2.5. Response surface methodology (RSM) 
Each independent variable was coded at three levels between -1, 0, and +1, where the 
reaction time and temperature were changed in the following ranges: 48, 96, and 144 hours; 
40, 80, 120°C. The LMAA pretreatment conditions were optimized for maximum ethanol 
production by RSM based on the 22 factorial central composite design (CCD). The matrix 
corresponding to the CCD is presented in Table 2. Fifteen experiments were carried out with 
two variables, and each variable varied at three levels (α = 1.5). Ethanol concentration was 
the response (dependent variable). The quadratic polynomial model for the ethanol 
production (Y) is given below: 
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Y = á0 + á1 A + á2 B + á11A2+ á22B2+ á12AB             (1) 
 
Where A and B represent coded levels of the independent variables; á0 is the intercept 
term; á1 and á2 are the linear terms; á11 and á22 are the quadric terms; and á12 is the 
interaction term. To investigate the simultaneous effect of reaction time and temperature on 
ethanol production, the statistical analysis of the data was performed using "Design Expert" 
software (version 7.1.1, Stat-Ease, Inc., Minneapolis, USA).  
 
 
3. Results and discussion 
3.1. Effect of LMAA pretreatment on chemical composition of corn stover 
LMAA pretreatment did not result in any weight loss during ammoniation and 
pretreatment because there was no washing step. Ammoniated solid samples were subjected 
to the simple evaporation step in order to remove excess ammonia and approximately 90% of 
residual ammonia was removed. Chemical composition analysis also indicated that there was 
no noticeable change in either carbohydrates or lignin content in the LMAA-treated corn 
stover. 
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Fig. 2. Effect of moisture content on 120-h ethanol fermentation and residual ammonia 
content of LMAA-treated biomass 
Note: Pretreatment condition: 30 - 70 % of MC, 110 °C, 92 h, SSCF condition: 3 % w/v 
glucan loading/50 ml working volume; recombinant Escherichia. coli KO11 (ATCC® 
55124); 15 FPU of GC 220/g-glucan, 30 CBU of Novozyme 188/g-glucan, 1,000 GXU of 
Multifect xylanase /g-glucan; LB medium; anaerobic condition; 37°C, 150 rpm. 
Ammonia content is based on dry biomass weight. 
 
3.2. Effect of moisture content of corn stover on ethanol production by SSCF 
Fig. 2 shows the effects of moisture contents on ethanol fermentation and residual 
ammonia in the treated corn stover after evaporation step. It was observed that corn stover 
samples with higher moisture retained more ammonia. Residual ammonia after evaporation 
step increased from 0.39 wt.% to 1.53 wt.% as moisture content of corn stover increased 
from 30% to 70% (Fig. 2). Ethanol concentration in SSCF also increased as the moisture 
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content of corn stover increased. The SSCF of the 70%-moisture sample resulted in the 
highest ethanol concentration (24.9 g/l at 120-h fermentation). It is assumed that water 
molecule plays an important role in the pretreatment step; i.e. water molecules present in the 
biomass bind ammonium ion during the ammoniation and raising temperature may facilitates 
the pretreatment reaction. With the presence of bound water in biomass, ammonia molecule 
can form NH3-H2O and then ammonium ion (NH4+) and hydroxyl ion (OH-), which is 
responsible for the reaction with lignin. Bound water also can form hydrogen bonds with 
cellulose, which causes swelling of crystalline cellulose structure and increases the 
accessibility to enzymes. 
 
3.3. Ethanol production by SSCF with LMAA-treated solids 
Among several important factors in pretreatment, two variables, pretreatment reaction 
time and temperature, were selected as the most significant variables. Ranges of two 
variables were decided as follows: 40-120 °C, and 48-144 h respectively.  
The ethanol concentrations obtained with various combinations of reaction time and 
reaction temperature are shown in Table 2. The ethanol concentrations measured at 120 h-
fermentation were 13.0 g/l to 25.1 g/l. The highest ethanol concentration was 25.1 g/l (91 % 
of theoretical maximum ethanol yield) on the pretreated by LMAA process at 80 °C for 96 h 
(Fig. 3). The polynomial equation, describing the ethanol production (Y) as a function of 
reaction time and reaction temperature of pretreatment, is shown below (Eq. 2).  
 
Y = 24.25 + 0.54 A + 3.48 B – 2.18A2 – 2.40B2 – 1.18 AB                  (2) 
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Table 3 
Analysis of variance (ANOVA ) for ethanol production of LMAA treated corn stover (Y) by 
SSCF. 
Source   Sum of squares  
Degree of 
freedom  
Mean 
squares  F-values  Prob
a>F 
Model  218.98  5  43.80  32.91  <0.0001 
A  3.86  1  3.86  2.90  0.1227 
B  161.27  1  161.27  121.20  <0.0001 
AB  12.19  1  12.19  9.16  0.0143 
A2  26.36  1  26.36  19.81  0.0016 
B2  32.00  1  32.00  24.05  0.0008 
Residual  11.98  9  1.33  1.33   
Lack of Fit  5.51  3  1.84  1.70  0.2647 
Pure Error   6.47  6  1.08  1.08   
Total  230.96  14       a Probability values (P-values). 
 
The analysis of variance (ANOVA) results are summarized in Table 3. The model F-
value of 32.9 for Y (ethanol production) and the value of ‘Prob>F’ less than 0.05 for the 
model showed that the model is significant. There is only a 0.01% chance that a “model F-
value” this large could occur due to noise. The determination coefficient (R2 = 0.9481) 
indicates that 94.81% of the variability in the response can be explained by the model. 
According to the statistical analysis results, B (reaction temperature), AB (interaction term), 
A2, and B2 (quadric terms) are significant model terms. Insignificant value of lack of fit for 
this model also indicates that the model satisfactorily fits the data.  
The response surfaces were drawn as three-dimensional plots of two factors (reaction 
time and reaction temperature) while other reaction conditions were kept constant. The 
increases in reaction time with low reaction temperature (40 °C) significantly improved 
ethanol production. However, the effects of reaction time with higher reaction temperature 
(80-120 °C) on ethanol production were marginal, and even ethanol concentrations decreased 
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with over 96 h reaction time. When observed in terms of temperature, ethanol production 
increased as temperature was increased. The increase of ethanol production was marginal 
over 80 °C compared to the steep ethanol production increase at more moderate temperatures 
(40–80 °C). These are important observations, because longer reaction time or higher 
reaction temperature may significantly increase the ethanol production cost. The optimum 
reaction conditions predicted by the model were as follows: reaction time = 92.3 h; reaction 
temperature = 109.8 °C. The value of ethanol production estimated by Eq. (2) was 25.5 g/l.  
 
 
Fig. 3. Response surface curve showing combined effect of reaction time and temperature in 
the LMAA pretreatments on ethanol production by SSCF process 
 
3.4. Effects of xylanase addition on fermentation of LMAA-treated corn stover  
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Although most commercial “cellulase” enzyme products exhibit xylanase activity as 
well as glucanase activity, the xylanase activity normally present in these products may be 
insufficient to effectively hydrolyze large amount of xylan in the LMAA pretreated corn 
stover (23.3 wt.%). In fact, supplementation of cellulase with xylanase has been reported to 
enhance glucose release by xylose removal (Kim et al., 2008). 
 
 
Fig. 4. Effect of xylanase addition on ethanol fermentation using LMAA-treated corn stover 
Note: Pretreatment condition: 70 % of MC, 80°C, 84 h, SSCF condition: 3 % w/v glucan 
loading/50 ml working volume; recombinant Escherichia. coli KO11 (ATCC® 55124); 15 
FPU of GC 220/g-glucan, 30 CBU of Novozyme 188/g-glucan, (1) with 1,000 GXU of 
Multifect xylanase /g-glucan and (2) without xylanase; LB medium; anaerobic condition; 
37°C, 150 rpm. 
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Addition of xylanase results in synergetic effect; i.e. it enhances cellulose 
accessibility to cellulase by xylose removal (Kumar and Wyman, 2009). Fig. 4 shows the 
ethanol productions in SSCF reactor by adding (1) cellulase only and (2) cellulase 
supplemented with xylanase. For the test, ammoniated corn stover was treated under the 
following pretreatment conditions: 70 % moisture, 80 °C, and 84 h, followed by 12 h air 
drying. It was observed that addition of xylanase enhanced both glucose and xylose 
hydrolyses, which resulted in more effective conversion of sugars into ethanol; ethanol 
production with 1,000 GXU/g glucan of xylanase addition was increased by 28 % (from 16.4 
g/l to 24.2 g/l) (Fig. 4).  
 
 
Fig. 5. Effect of residual ammonia on ethanol fermentation using LMAA-treated corn stover 
Note: Pretreatment condition: 70 % MC, 20-80°C, 24-144 h), SSCF condition: 3 % w/v 
glucan loading; recombinant Escherichia. coli KO11 (ATCC® 55124); 15 FPU of GC 220/g-
glucan, 30 CBU of Novozyme 188/g-glucan, and 1,000 GXU of Multifect xylanase /g-glucan; 
LB medium; anaerobic condition; 37°C, 150 rpm. 
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3.5. Residual ammonia in LMAA-treated corn stover 
Nitrogenous compounds are also critical components in fermentation. Ammonia is 
one of the most predominant nitrogen-containing compounds (Dharmadhikari, 2001) and is 
widely used as nitrogen source in industrial fermentations, either as a salt, e.g. (NH4)2SO4, or 
as a base for pH control (NH4OH). If it is at an appropriate level, the residual ammonia in the 
LMAA-treated corn stover can serve as a nitrogen source for E. coli KO11 strain in the SSCF.  
Fig. 5 shows the effect of residual ammonia contents on ethanol production. As 
shown in Fig. 5, different pretreatment conditions resulted in various residual ammonia 
contents (0.61-1.25 wt.% based on oven-dry treated corn stover) in the treated biomass even 
though the same evaporation condition (12 hours at ambient temperature) was applied to all 
treated corn stover samples. Evaporation of samples in the air for 12 hours removed 90% of 
ammonia in the corn stover, while most of the bound water (more than 50% of moisture 
content) remained. We observed a linear relationship between the ethanol concentration in 
SSCF reactor and the amounts of residual ammonia (Fig. 5). The determination coefficient 
(R2) of the trend line was 0.84; therefore, the model equation of the trend line was significant. 
 
3.6. Mass balance of LMAA process 
Fig. 6 summarizes the mass balance of the LMAA process. With 1,000 kg corn stover 
and LMAA pretreatment at the best conditions (50% moisture content, 80 °C, and 84 h), 320 
kg ethanol, 306 kg carbon dioxide, and 171 kg lignin can be produced. Ammoniated corn 
stover contains 11.7 wt.% ammonia on the basis of treated corn stover. Evaporation removes 
around 90% of impregnated ammonia (11.7 wt.%), which results in 1.1 wt.% residual 
ammonia in the treated corn stover in the SSCF. Total chemical and water recycle from the 
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evaporation step is 613 kg, which is significantly reduced as compared to the other ammonia 
pretreatment methods. To pretreat the same amount of dry corn stover, 500-2400 kg of 
ammonia and 1500-8000 kg of water are required in other ammonia pretreatment processes 
(ARP, SAA, and LLA), whereas 117 kg of ammonia and 1000 kg of water are required with 
LMAA process. Therefore, this process reduced 80–95 % of ammonia input and 33 -82 % of 
water input compared to previous processes (Table 1). Moreover, this step reduces significant 
amounts of additional washing water (17,200-20,900 kg) from previous studies (SAA and 
LLA).  
 
4. Conclusion 
LMAA pretreatment has the potential to reduce ammonia and water inputs over other 
pretreatment technologies because it utilizes anhydrous ammonia gas with no washing step. 
Therefore, it is also anticipated that it requires low energy consumption for the pretreatment 
of biomass. With LMAA-treated corn stover under the best conditions (0.1 g ammonia/g 
biomass, 1.0 g water/g biomass, 80 °C, and 84 h), 90 % of the maximum theoretical ethanol 
yield (based on glucan and xylan of the untreated corn stover) was obtained by SSCF.  
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Fig. 6. Flow diagram and mass balance of LMAA ammonia pretreatment process  
Note: M.C.: Moisture content 
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CHAPTER 6. ENHANCEMENT OF ENZYMATIC HYDROLYSIS AND LIGNIN 
REMOVAL OF CORN STOVER USING PHOTOCATALYST-ASSISTED 
AMMONIA PRETREATMENT 
 
A paper submitted to the Journal of Bioresource Technology 
 
Chang Geun Yoo, Chao Wang, Chenxu Yu, Tae Hyun Kim 
Abstract 
Photocatalyst-assisted ammonia pretreatment was explored to improve lignin removal 
of the lignocellulosic biomass for effective sugar conversion. Corn stover was treated with 
5.0–12.5 wt.% ammonium hydroxide, two different photocatalysts (TiO2 and ZnO) in the 
presence of oxygen in a batch reactor at 60 °C. Various solid-to-liquid ratios (1:20-1:50) 
were also tested. Ammonia pretreatment assisted by TiO2-catalyzed photo-degradation 
removed 70 % of lignin under the optimum condition (12.5 % ammonium hydroxide, 60 °C, 
24 h, solid:liquid=1:20, photocatalyst:biomass=1:10 with oxygen supply). The enzymatic 
digestibilities of pretreated corn stover were 85 % for glucan and 75 % for xylan with NH3-
TiO2-treated solid and 82 % for glucan and 77 % for xylan with NH3-ZnO-treated solid at 15 
filter paper unit (FPU)/g-glucan of cellulase and 30 cellobiase unit (CBU)/g-glucan of β-
glucosidase loadings, a 2-13 % improvement over ammonia pretreatment alone.  
 
Key words: Lignocellulosic Biomass; Titanium dioxide (TiO2); Zinc oxide (ZnO); Photo-
degradation; Bioconversion 
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1. Introduction 
Facing the global energy shortage, the efforts to find a feasible alternative from 
biomass based renewable energy (e.g., biofuels) have been intensified over the past decade. 
According to the US Energy Independence and Security Act (EISA), the consumption of 
biofuels, such as biomass-based diesel and advanced biofuels, needs to be increased by 100 
times within the next 10 years (Fishman et al., 2010). Animal and human waste, trees, shrubs, 
yard waste, wood products and agricultural residues are all potential feedstock for production 
of biofuels. Among various biomass sources, lignocellulosic materials, in particular 
agricultural residues are among the most promising feedstock because of their relatively low 
cost (Zheng et al., 2009). Lignocellulosic biomass is mainly composed of cellulose, 
hemicellulose and lignin. Cellulose is encrusted with lignin and hemicellulose for protection. 
The molecular structure of Lignin is complex; it contains cross-linked polymers of phenolic 
monomers which are impermeable and chemically-resistant to enzyme. Therefore, lignin is 
considered as one of the primary reasons of recalcitrance in biomass structure (Kuhad and 
Singh, 2007, Sun et al., 2011). In order to convert lignocellulosic biomass into ethanol or 
other biofuels with high efficiency through biological/chemical processes, it is necessary to 
pretreat the biomass for lignin removal or alteration before the enzymatic hydrolysis and 
fermentation steps (Kumar et al., 2009). 
It is known that lignin, as a major chemical oxygen demand (COD) component in 
pulp mill effluent, can be oxidatively decomposed by catalyzed photo-degradation. 
Photocatalytic degradation process is also effective in decoloration and bleaching of Kraft 
mill effluent (Tanaka et al. 1999). Semiconductor-photocatalyzed degradation processes have 
also been developed for the treatment of waste water and polluted air since 1980s 
  128 
(Tantemsapya et al., 2004). In recent years, increasing efforts have been made to develop 
photocatalytic systems with the combination of photocatalysts and ultraviolet light for highly 
effective oxidation of aromatic compounds (Kansal et al., 2008), and TiO2 and ZnO were 
shown to be among the most effective photocatalysts in various photo-degradation processes 
(Chakrabarti et al., 2008; Peraltazamora and Peralta, 1998). 
The photocatalytic reactions are initiated when holes (in valence band, VB) and 
electrons (in conducting band, CB) are photogenerated in the semiconductor particles such as 
TiO2 and ZnO (Eq. 1) (Ohnishi et al., 1988; Pelizzetti and Serpone, 1986) by photons with 
equal or higher energy than the band gap of the semiconductors. For TiO2 and ZnO, the band 
gaps are 3.23 eV and 3.17 eV, respectively  photon +  (semiconductor) → e (CB) +  h (VB)             (1) 
The holes (+) either oxidize the electron-donating substances (RX) directly (Eq. 2) ZnO/TiO2(h+) + RX → ZnO/TiO2 + RX+                   (2) 
or react with surface hydroxyl groups (OH-) and/or adsorbed H2O to form hydroxyl radicals 
(Eq. 3 and 4).  ZnO/TiO2(h+) + H2O → ZnO/TiO2 + HO. + H+            (3) ZnO/TiO2(h+) + OH− → ZnO/TiO2 + HO.                   (4) 
The hydroxyl radicals then decompose lignin into carbon dioxide and hydrocarbon gases 
(Kobayakawa et al., 1989). The electrons (-) in the CB (Eq. 1) can reduce oxygen and the 
superoxide anions formed are highly effective in various oxidative degradation processes (Eq. 
5-7) (Ohnishi et al., 1989). ZnO/TiO2(e−) + O2 → ZnO/TiO2 + O2 .−                          (5) O2.− → H2O2                                             (6) 
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H2O2 + e− → OH− + OH.                                  (7) 
However, it has been shown that the photocatalyzed degradation methods alone were not 
capable of reducing lignin incorporated in biomass effectively (Niu et al., 2009). 
Conventionally, lignin degradation is achieved through chemical pretreatment 
methods. Among these pretreatment methods, ammonia pretreatment shows excellent 
performance in sugar conversion with high selectivity for reaction with lignin over those with 
carbohydrates (Agbor et al., 2011). Ammonia is also easy to handle and recycle because of 
its high volatility and non-corrosive nature (Kim et al., 2003). Although ammonia 
pretreatment is considered as a promising method, excessive energy consumption and 
environmental pollution with ammonia use are still concerns need to be dealt with. It is 
desirable to find a way to improve the effectiveness of pretreatment without relying on 
increasing ammonia loading or reaction temperature. In this study, photocatalyst-assisted 
ammonia pretreatment was investigated to improve bioconversion of corn stover.  
Herein, degradation or alteration of lignin using photocatalyst-assisted ammonia 
pretreatment to lower their affinity towards enzymes was the goal of this study. Two 
different photocatalysts, titanium dioxide (TiO2) and zinc oxide (ZnO) were added into 
ammonia solution to pretreat corn stover. Ammonia concentration and solid-to-liquid loading 
were investigated as important control factors to optimize the subsequent sugar conversion 
yield by enzymatic hydrolysis of the pretreated biomass. The overall lignin mass balance 
throughout the pretreatment process was monitored by analyzing hydrolyzed lignin in the 
liquid pretreatment hydrolysate, and Raman spectroscopy was utilized to explore the 
structural changes in the biomass before/after the pretreatment. 
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2. Materials and Methods 
2.1. Materials 
Corn stover was collected from central Iowa in 2010, washed with deionized water 
and air-dried at ambient temperature. The corn stover was ground and screened to a nominal 
size of 9-35 mesh. The initial composition of the corn stover was 37.3 wt.% glucan, 22.5 wt.% 
xylan, 2.5 wt.% galactan, 3.3 wt.% arabinan, 17.2 wt.% lignin (acid insoluble + acid soluble), 
4.8 wt.% protein, 1.5 wt.% sucrose, 4.6 wt.% ash, and 6.3 wt.% other extractives. Zinc oxide 
(Sigma-Aldrich, Cas #1314-13-2) and Titanium dioxide P25 (Evonik Degussa, Cas #13463-
67-7) were used as photocatalysts. 
Cellulase GC 220 (Lot #301-04232-162) was provided by Genencor, a Danisco 
Division. The average activity of cellulase (GC-220) was 45 filter paper unit (FPU)/ml. The 
β-glucosidase enzyme, Novozyme 188 (Novo Inc., Lot #11K1088), was purchased from 
Sigma-Aldrich (St. Louis, MO). Activity of Novozyme 188 was 750 cellobiase units 
(CBU)/ml.  
 
2.2. Photocatalyst-assisted ammonia pretreatment 
 Corn stover was treated by aqueous ammonia solution with photodegradation under 
UV catalyzed by the photocatalysts. Each pretreatment condition was conducted in duplicate. 
Different ratios of biomass to solution were applied from 1:20 to 1:50 (g/ml). The amount of 
photocatalyst (TiO2 and ZnO) was 10 wt.% of biomass loading. Biomass and photocatlysts 
were loaded in screw-capped 250 ml bottles with 5% to 12.5 % of ammonium hydroxide. 
The reaction temperature was maintained at 60 °C by isotemp basic ceramic stirring hotplate 
(Fisher, Cat. #11-100-100SH) and reaction time was 24 hours. The UV light source was 100 
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W UV lamps (American ultraviolet company, Lebanon, IN) with irradiation wavelength 380 
nm for 24 h. During the first 6 hours, oxygen was supplied to enhance the photocatalytic 
reactions.  
   
2.3. Enzymatic hydrolysis of pretreated biomass 
The enzymatic digestibility of the corn stover samples was determined in duplicate 
according to the NREL Chemical Analysis and Testing Standard Procedure (NREL, 2008). 
For the enzymatic digestibility tests of pretreated solid residue, 15 FPU of GC 220 and 30 
CBU of Novozyme 188 per gram of glucan supplemented were loaded in the 250 ml screw-
capped Erlenmeyer flasks. The initial glucan concentration was 1 % (w/v) based on 100 ml 
of total liquid and solid, and pH was adjusted to 4.8 by 0.05 M sodium citrate buffer solution. 
Prepared flasks were placed in the incubator shaker (New Brunswick Scientific, Edison, NJ) 
and agitated at 150 rpm at 50 °C. Samples were taken periodically (6, 12, 24, 48, 72, 96, and 
120 h) and analyzed by HPLC for calculating the glucose and xylose contents.  
 The glucan and xylan digestibilities were calculated as follows: Glucan digestibility = Total released glucose (g)×0.9
Initial glucan loading (g) × 100     
0.9 is the conversion factors of glucose to equivalent glucan.  Xylan digestibility = Total released xylose (g)×0.88
Initial xylan loading (g) × 100     
0.88 is the conversion factors of xylose to equivalent xylan.  
 
2.4. Analytical methods 
2.4.1. Compositional analysis 
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Carbohydrates and lignin contents in the untreated and pretreated corn stover were 
analyzed following the NREL LAP (NREL, 2008). Each sample was analyzed in duplicate. 
Carbohydrates were determined by HPLC with a Bio-Rad Aminex HPX-87P column and a 
refractive index detector (Varian 356-LC, Varian, Inc., CA).  
The compositional changes of each component (cellulose, hemicellulose and lignin) 
in the biomass by the pretreatment were calculated as follows: Removed component from the biomass by the pretreatment (%)
= Removed fraction of each component by the pretreatmentComposition of each component in the untreated biomass × 100 
 
Dissolved lignin in the liquid hydrolysate was measured using LAMBDA™ 750 
UV/Vis/NIR spectrophotometer (PerkinElmer, Shelton, CT). The absorption at 290 nm was 
used to characterize the soluble lignin. Alkali lignin (Sigma-Aldrich, St. Louis, MO) was 
dissolved in the water and the same concentration of ammonia (as used in the pretreatment) 
and used as standard for the generation of the calibration curve. During the pretreatment, 1 
ml of liquid was periodically withdrawn from the bulk to monitor its soluble lignin content: 
after centrifugation, the supernatant was subjected to the UV-Vis measurement.  
  
2.4.2. Raman analysis  
DXR Raman microscope (Thermo Scientific, Waltham, MA) was used for Raman 
spectra acquisition with 780 nm excitation at 14 mW, 20X objective and 50 μm slit. The laser 
exposure time was 5 seconds and spectral resolution was 2.5 cm-1-4.6 cm-1. The OMNIC™ 
suite (Thermo Scientific, Waltham, MA) was used for data processing. The spectra were 
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baseline-corrected and smoothed. An iterative polynomial background removal algorithm 
was implemented to remove background fluorescence from the Raman spectral data (Zhang 
et al., 2009). 10 spectra were acquired from each sample and the average spectrum was 
calculated. 
 
3. Results and discussion 
3.1. Effects of photocatalytic UV treatments on composition of corn stover  
Corn stover was treated by aqueous ammonia and UV with two different 
photocatalysts (TiO2 and ZnO) under various reaction conditions. Table 1 shows the effects 
of photocatalytic ammonia soaking/UV pretreatments on biomass compositional changes. 
The hydroxyl and superoxide radicals generated from the surface of TiO2 under UV 
irradiation caused oxidation or degradation of lignin in the biomass (Niu et al., 2009). 
Photocatalytic reaction by TiO2 removed 5 % of lignin, 4 % of glucan and 9 % of 
hemicelluloses (xylan, galactan, and arabinan) from the untreated biomass under the 
following conditions: no ammonia loading, 60 °C, 24 h, solid:liquid ratio=1:50, photocatalyst 
(TiO2):biomass=1:10, and oxygen supply. Delignification of biomass by ZnO (10 %) was 
slightly higher than by TiO2 under the same reaction conditions, but the photoreaction alone 
is not sufficient to cause significant compositional change that may affect the subsequent 
enzymatic hydrolysis or fermentation (Table 1).  
Ammonia is an effective pretreatment reagent which has high reaction selectivity 
towards lignin over carbohydrates. It cleaves not only C-O-C bonds in lignin but also ether 
and ester bonds in the lignin-carbohydrates complex (LCC) (Kim et al., 2011). Aqueous 
ammonia treatment removed 55-65 % of lignin, while preserved over 93 % of glucan and 81 % 
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of xylan in the biomass under different solid-to-liquid ratios (1:20-1:50), without 
photocatalysts loading. With the addition of photocatalytic UV treatment to the ammonia 
pretreatment regime, lignin and xylan removal from the biomass is slightly increased in 
overall, as shown in the compositional changes of pretreated solid in Table 1. Delignification 
levels of photocatalyst-assisted ammonia treated corn stover were 60-70 % with both TiO2 
and ZnO. The effect of each photocatalyst on lignin removal was similar; however, more 
carbohydrates were preserved in the treated solid in TO2-assisted pretreatment under the 
same reaction conditions besides type of photocatalyst. 
Effects of various liquid loadings (gram liquid per gram biomass) were also 
investigated, as shown in Table 1. There was no substantial compositional change by 
adjusting the solid-to-liquid ratio without photocatalyst, while xylan and lignin contents 
decreased as the liquid loading was reduced with TiO2 (Table 1). In this study, highest lignin 
removal was obtained with 20 g of ammonia solution per gram corn stover under the 
following conditions: 5.0 wt.% ammonium hydroxide, 60°C, 24 h, and photocatalyst 
(TiO2):biomass=1:10, and oxygen supply. Another interesting observation was that different 
liquid loadings affected enzymatic digestibility of different carbohydrate components in the 
treated biomass differently in presence of TiO2-assisted UV treatment with the same 
ammonia concentration (5.0 wt.%), reaction temperature (60°C), reaction time (24 h), and 
photocatalyst (TiO2) loading (photocatalyst:biomass=1:10) (Table 1): i.e., Glucan 
digestibility was not improved substantially at higher liquid loading; however, xylan 
digestibility was increased quite significantly by lowering liquid loading. When the ammonia 
liquid per gram biomass loading was decreased from 50 g to 20 g under the same conditions 
(5.0 wt.% ammonium hydroxide, 60°C, 24 h, and photocatalyst (TiO2):biomass=1:10, and 
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oxygen supply) except liquid/solid ratio, an 11 % xylan digestibility increase was observed, 
as shown in Table 1. A possible explanation is that lower liquid/solid ratio resulted in higher 
concentration of free radicals generated from the photoreaction, which led to more effective 
degradation or alternation to the biomass that favored subsequent enzymatic hydrolysis.  
 
Fig. 1. Lignin concentration profile in the liquid hydrolysates during photocatalyst-assisted 
ammonia pretreatment 
Note: Pretreatment condition: 5.0 wt. % ammonium hydroxide, 60 °C, 24 h, 
solid:liquid=1:50, photocatalyst (TiO2 / ZnO):biomass=1:10, oxygen supply. 
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According to the solid composition changes, photocatalyst-assisted ammonia 
pretreatment removed significant amounts of lignin (60.0 % - 69.8 %) (Table 1). Figure 1 
shows lignin concentration profile in the liquid hydrolysates during photocatalyst-assisted 
ammonia pretreatment. Significant lignin removal could be obtained with aqueous ammonia 
pretreatment alone, and it was further improved by the photocatalysts-assisted UV treatments. 
However, photocatalytic reactions alone, with both TiO2 and ZnO, could not solubilize lignin 
significantly. Compared to TiO2 in ammonia, ZnO in ammonia hydrolyzed more lignin from 
biomass from 6 hours to 24 hours; however, lignin recovery by each photocatalyst was 
almost identical after 24 hours (~2.1 g/l). It should be noticed that photocatalyst-assisted 
processes showed higher hydrolysis rates within the first 12 hours than that of ammonia-
alone process, which could have major implication from energy consumption standpoint: an 
acceptable “pretreatment level” could be reached in shorter processing time with less energy 
needed.  
It should be noticed that the presence of the TiO2 nanoparticles in the pretreated 
biomass may have negative impact on the fermentation of the saccharide solution into 
biofuels, although it seems their presence did not interfere with the enzymatic 
saccharification. They need to be removed in order to avoid any potential hindrance to 
subsequent fermentation. One strategy that is being explored is to incorporate TiO2 
nanoparticles with magnetic nanoparticles in nanocomplexes, as shown in Figure 2. These 
nanocomplexes can be removed through magnetic separation after the pretreatment processes. 
Early results have confirmed the photocatalytic activities of these nanocomplexes, the 
effectiveness of the magnetic removal of the nanocomplexes from the process stream is being 
investigated.     
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Fig. 2. Design of the nanocomplex containing a TiO2-based nanocatalyst catalytic unit and a 
magnetic separation unit 
  
3.2. Effect of photocatalyst-assisted ammonia pretreatment on enzymatic digestibility of 
pretreated biomass 
 Subsequent enzymatic digestibility tests were conducted with ammonia-TiO2 treated 
corn stover using 15 FPU/g-glucan of cellulase (GC-220) and 30 CBU/g-glucan of β-
glucosidase enzymes (Novozyme 188). The pretreatment conditions were as follows: 12.5 % 
ammonia loading, solid:liquid=1:20, photocatalyst (TiO2):biomass (corn stover)=1:10, 60 °C, 
24 h with oxygen supply and UV light irradiation. Glucan and xylan digestibilities of 
aforementioned TiO2-assisted ammonia treated biomass are summarized in Figure 3. TiO2-
assisted UV treatment alone showed no improvement on enzymatic digestibility; while TiO2-
assisted UV treatment in conjunction with ammonia (NH3-TiO2 in Figure 3) improved the 
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digestibility (at 120 h) of the corn stove biomass from 18 % for glucan and 8 % for xylan to 
85 % and 75 %, respectively. Compared to the treatment with same ammonia loading alone 
(NH3 in Figure 3), an improvement of 5 % for glucan digestibility and 11 % for xylan 
digestibility were observed with the TiO2-assisted UV treatment (NH3-TiO2 in Figure 3).     
   
(a)   Glucan digestibility 
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(b) Xylan digestibility 
 
 
Fig. 3. Enzymatic digestibility of photocatalyst-assisted ammonia treated corn stover 
Note: Pretreatment condition: 12.5 wt.% ammonium hydroxide, 60 °C, 24 h, 
solid:liquid=1:20, photocatalyst (TiO2):biomass=1:10, oxygen supply; Enzymatic hydrolysis 
condition: 1 % w/v glucan loading/100 ml working volume; 15 FPU of GC 220/g-glucan, 30 
CBU of Novozyme 188/g-glucan, 50°C, 150 rpm. 
 
3.3. Raman spectroscopic characterization of photocatalyst-assisted ammonia treated corn 
stover 
 Raman spectroscopy was used to characterize the structure constituents and chemical 
bonds in lignocellulosic biomass. Table 2 showed the relative intensities of characteristic 
Raman peaks of untreated corn stover, 5 % ammonia treated corn stover, and 5 % ammonia 
+TiO2-assisted UV treated corn stover with oxygen supply. The relative intensities were 
calculated against the Raman peak at 1,267 cm-1, which was identical for the treated and 
untreated biomass samples. Raman bands associated with cellulose, hemicellulose, and lignin 
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can be directly identified from the Raman spectra (see Figure S1 in the supplemental 
material). In addition, semi-quantification of lignin and cellulose components in corn stover 
samples before/after pretreatment could also be achieved by calculating spectral intensities of 
relevant Raman bands (Daferera et al., 2002).  
 
Table 2 
Raman characterization of ammonia-photocatalyst treated corn stover 
Note: Pretreatment condition: 5 % ammonium hydroxide, 60 °C, 24 h, solid:liquid=1:50, 
Photocatalyst (TiO2):biomass=1:10, oxygen supply. 
 
Wavenumber(cm-1) and peak assignment Relative Intensity 
  Untreated Treated 
352  C-C skeletal bending 0.7353 4.0541 
421  -CH2OH methane bending 0.7059 1.4595 
800  skeletal deformation of aromatic ring 0.5882 0.1892 
897  H-C-C and CHO bending 0.1471 2.2702 
987  skeletal deformation of aromatic ring 0.5882 0.1351 
1096  COC,C-OH bending 1.0588 7.0270 
1266 Internal reference  1a 1 
1334  Aliphatic O-H bending 0.7941 0.2702 
1380 HCC, HCO, HOC bending 0.0294 3.2432 
1456 O-CH3 deformation or CH2 scissoring 0.9412 0.3243 
1467 HCH and HCO bending 0.6471 1.6216 
1604 Symmetric stretching of aromatic ring 6.1764 0.4324 
1661 C=C or C=O stretching vibration  3.5294 0.2703 
2887 Aliphatic C-H stretching  0.8529 8.3783 
 
a The intensities of Raman band for the untreated and treated biomass at 1,267 cm-1 are 
identical and used as internal reference for the calculation of relevant intensities of different 
Raman bands.      
 
  142 
In the untreated corn stover, two major lignin bands were identified at 1,604 and 
1,661 cm-1. The most intense band at 1,604 cm-1 can be attributed to symmetric stretching of 
aromatic ring, and the 1,661 cm-1 band is attributed to the C=C stretching from coniferyl 
alcohol and the C=O stretching of coniferaldehyde (Adapa et al., 2009). Additionally, peak(s) 
at 1,456 cm-1 from O-CH3 deformation and CH2 scissoring, at 785 and 897 cm-1 due to the 
skeletal deformation of aromatic rings, and at 1,334 cm-1 due to aliphatic O-H bending are 
also lignin signatures. These peaks were significantly reduced by ammonia treatment, and 
almost disappeared by photocatalyst-assisted ammonia pretreatment.  
After pretreatments (5 % ammonia + TiO2), 60-70 % of the lignin components were 
removed or degraded/altered to various degrees; part of the hemicellulose components were 
decomposed as well. Investigation of the Raman spectra measured from the corn stover 
samples before and after the TiO2-assisted ammonia pretreatment indicated a clear switch 
from lignin dominated signatures to cellulose dominated signatures. The skeletal structures of 
cellulose molecules are mostly C-C bonds and C-O bonds which show relatively high 
polarizabilities and high Raman scattering coefficients (Agarwal, 2006; Atalla & Agarwal, 
1985, Atalla and Isogai, 2010). In particular, cellulose bands at 1,059-1,148 cm-1 due to the 
C-O-C and C-O-H bending vibrations, at 1,380 cm-1 due to HCC, HCO and HOC bending, 
and at 2,887 cm-1 due to aliphatic C-H stretch residual carbohydrates (methane C-H stretches 
of cellulose molecules) were remarkably improved after the pretreatments. This is because 
the relative content of cellulose in the biomass increased while the relative content of lignin 
decreased after the pretreatments. This trend was further confirmed by cellulose peaks 
between 350 to 550 cm-1 of skeletal-bending modes (CCC, COC), methane bending (CCH, 
OCH) and skeletal stretching (CC, CO) and 897 cm-1 (assigned to HCC and HCO bending at 
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C6), and 1,456-1,469 cm-1 (due to HCH and HOC bending vibration) (Agarwal, 2006; 
Agarwal & Ralph, 1997; Atalla & Agarwal, 1985; Tanaka et al., 1999). Moreover, the peak 
between 1,163 to 1,181 cm-1 is assigned to C-O structure, typical for p-hydroxyphenyl, 
guaiacyl and syringal lignins (Iskalieva et al., 2012; Sun, Simmons, & Singh, 2011). These 
peaks were significantly reduced by ammonia treatment, and almost disappeared by 
photocatalyst-assisted ammonia pretreatment, indicating the cleavage of the lignin-
carbohydrate linkage. The cleavage of the lignin-carbohydrate bonds and the breaking-down 
of the long cellulose polymers into shortened fragments may lead to exposure of glucan- 
and/or xylan- residues for easier enzymatic access, and subsequent elevated hydrolysis 
efficiency. 
 
 The Raman spectroscopic investigation clearly revealed that lignin structure was 
significantly affected or decomposed, and the relative content of cellulose was increased by 
photocatalyst-assisted ammonia pretreatment, further verified the compositional analysis 
results. It should be noticed that most of Raman bands of hemicellulose overlap with those of 
cellulose; therefore, structure changes of hemicellulose caused by the pretreatment were not 
clearly shown in the Raman analysis.  
 
4. Conclusion 
Photocatalyst-assisted UV treatment could further improve the effectiveness of 
ammonia pretreatment to remove lignin from biomass. As a result, higher enzymatic 
digestibility and fermentability could be obtained. With ammonia-TiO2-treated corn stover 
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under the optimal conditions (12.5 % ammonium hydroxide, 60 °C, 24 h, solid:liquid=1:20, 
photocatalyst:biomass=1:10, oxygen supply), 85 % of glucan digestibility and 75 % of xylan 
digestibility were obtained using 15 FPU/g-glucan of cellulase and 30 CBU/g-glucan of β-
glucosidase. The Photocatalyst-assisted UV treatment in conjunction with ammonia soaking 
can shorten the time needed for pretreatment, and potentially it can lead to significant 
reduction in energy consumption of pretreatment.  
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CHAPTER 7. GENERAL CONCLUSIONS AND FUTURE WORK 
Conclusions 
 Lignocellulosic biomass is a biorenewable resource with the potential to serve a 
feedstock for liquid transportation fuels and chemicals. The recalcitrant nature of 
lignocellulosic biomass makes its utilization challenging. In this study, several pretreatment 
and fractionation technologies were developed and tested to improve subsequent enzymatic 
hydrolysis and ethanol fermentation yields, to separate hemicellulose and lignin with high 
purity for value-added co-products, and to reduce the required inputs of energy, chemicals, 
and water.  
 The fractionation processes described in Chapters 2 – 4 aimed to separate 
hemicellulose and lignin, and to provide high-purity streams of each, thereby producing 
readily-fermented carbohydrates and high value co-products. The production of co-products 
can contribute to increasing the overall economic viability of a process. Even though the 
fractionated hemicellulose was fermented to ethanol in this study, the hemicellulose could 
also have been fermented to higher value products such as xylitol and astaxanthin in a 
biorefinery. In Chapter 4, this approach of high-value compounds was examined by taking 
ZnCl2-fractionated hemicellulose into furfural by thermal reaction. Separated lignin fractions 
from these processes also have potential as feedstocks to make additional high-value 
products. In addition, the biological conversion yields of residual cellulose were improved 
with the fractionation of hemicellulose and lignin. Two stage fractionation using ammonia 
and hot-water produced high purity (over 80%) hemicellulose, and the ethanol yield of the 
cellulose fraction reached up to 98%. In Chapter 4, ZnCl2 treatment removed over 90% of 
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hemicellulose. A furfural yield of 58% and an ethanol yield of 98% were obtained with the 
fractionated hemicellulose and residual solids respectively. 
Pretreatment studies (Chapters 5 and 6) were conducted to efficiently utilize biomass 
from another viewpoint. Pretreatment is one of the most expensive and energy intensive 
processing steps in the biological conversion process using lignocellulosic biomass. In 
particular, chemicals, water, and energy inputs for the production and recovery have been at 
issue. Gaseous ammonia pretreatment and photocatalyst-assisted ammonia pretreatment 
aimed to reduce these inputs to save production costs. Minimizing the production costs can 
make the products more competitive in the marketplace. In Chapter 5, low-moisture 
anhydrous ammonia (LMAA) pretreatment resulted in high ethanol conversion yield (~90%) 
with significantly reduced ammonia (~10% of biomass weight) and water (~1:1 of 
biomass:water) inputs. In Chapter 6, photocatalyst-assisted ammonia pretreatment increased 
the delignification up to 70% within shorter period and enhanced the enzymatic digestibilities 
of the treated biomass compared to the other aqueous ammonia pretreatment with the same 
amounts of ammonium hydroxide loading. 
The characteristics of lignocellulosic biomass vary depending on the species, 
environments and other factors, and the conversions methods can also be different with the 
characteristics and target products. Each method has its own pros and cons. The two-stage 
fractionation process with ammonia and hot-water can produce high purity of each 
component; however, the operating and capital costs of this process are relatively high 
because of the multiple stages. The hybrid fractionation with zinc chloride is a relatively 
simple process, but the zinc chloride recovery costs may be high. The LMAA pretreatment 
significantly reduced water and ammonia use compared to other liquid ammonia 
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pretreatment methods; however, economical viability of the LMAA still needs to be verified. 
Photocatalyst-assisted ammonia pretreatment can improve the enzymatic hydrolysis without 
increasing ammonia concentration. It also shortens the pretreatment time. However, the 
overall liquid loading is relatively high because of the photocatalyst distribution for efficient 
biomass pretreatment. The aforementioned approaches can be used by themselves or by 
combining with other methods depending on the biomass species and target products. 
Therefore, the studies in this thesis are worthwhile and contributable in lignocellulosic 
biomass utilization. Among these approaches, the LMAA process is the closest biomass 
conversion technology to a commercial process because of its simple process design and low 
operating costs for chemical, water, and energy inputs.   
 
Future Work 
 In the fractionation studies (Chapters 2 - 4), fractionation technologies of the three 
main components and conversion of ethanol and furfural were discussed. However, only one 
co-product (furfural) was investigated in this thesis. To maximize the advantage of these 
fractionation processes, further studies for conversion of various co-products are required. In 
particular, conversion of the lignin fraction has not yet been developed as much as that of 
carbohydrates in the biomass because of its structural variability and complexity. Lignin is an 
abundant component in lignocellulosic biomass and has high energy content. Therefore, the 
utilization of lignin will be an important key to the lignocellulosic feedstock biorefinery.   
Secondly, even though several fractionation and pretreatment technologies are 
suggested, most of the results are limited to lab scale experiments. In the pilot scale process, 
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several unexpected problems can be encountered; therefore, studies with scale-up process are 
recommended to ensure the process is technically and economically viable in real industries. 
In this study, some of the cost barriers such as chemical, water and energy inputs for 
lignocellulosic biomass utilization were discussed; however, the effects of these factors on 
the costs of final products were not studied. To understand the viability of the LMAA process, 
a techno-economic analysis on this process is required.  
Moreover, many other obstacles such as transportation, storage, catalysts recovery 
and purification of products still exist to overcome for the commercialization of 
biorenewable products. Thus, further studies are necessary to commercialize the products 
from lignocellulosic biomass.  
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